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The electrochemical behavior of nickel (Ni) in different concentrations of sulfuric
acid (H2SO4) was studied via cyclic voltammetry (CV) over a range of potentials (0.0 V–
3.0 V) at room temperature. The presented work displays novel experiments where
external forcing by a platinum (Pt) electrode changed the proton concentration at a Ni
electrode surface in order to control the frequency and magnitude of periodic oscillations
produced.
When studying unique phenomena such as the Ni phenomena in this thesis,
efficient, durable, and inexpensive technology is always beneficial. A coupled
microelectrode array sensor or CMAS which has been used for over four decades to study
pitting corrosion, crevice corrosion, intergranular corrosion, galvanic corrosion, and other
heterogeneous electrochemical processes were fabricated in a novel, systematic,
inexpensive, and time efficient process. The presented work shows how to make the
CMAS and proved that they functioned properly.
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CHAPTER I
INTRODUCTION
1.1

Introduction
Nickel is one of the most important passive metals used for electrodeposition

processes in the world.1 Over 150 metric tons of Ni is consumed yearly for
electroplating.2 Nickel is well known for its highly lustrous finish and corrosion resistant
properties. Although Ni is very resistant to corrosion, it is not completely resistant.
Nickel is known to corrode in acidic medium such as sulfuric acid. During the corrosion
process that occurs on Ni in a sulfuric acid, the Ni/H2SO4 systems produce oscillations as
a potential is applied or a current is passed through the system.3-5 Studies on these types
of oscillatory states have been performed since 1950.
Traditionally, Ni electrochemical studies on Ni/H2SO4 oscillating systems have
been performed by applying external forcing techniques through variations of applied
potential or current during the electrodissolution (corrosion) of Ni single wire electrodes
in high concentrations of H2SO4 solutions (1 M, 3 M, and 4.5 M). External forcing is the
process in which perturbations are applied to a system by an external source. The
perturbations may be caused by changes in the resistance or by using forcing signals (of
frequency) in the Ni/H2SO4 oscillating system. Different amounts of total resistance have
been typically applied to the systems by attaching resistors in parallel or series and
changing the resistors (amount of resistance and orientation of resistors) after each
1

experiment. Forcing signals were obtained from function generators that were attached
and used in the systems. These external forcing techniques have helped to provide a
better understanding of Ni/H2SO4 oscillating systems. However, little attention has been
given to performing electrochemical studies on Ni/H2SO4 oscillating systems in low
concentrations of H2SO4 solutions (0.3 M - 0.9 M) and no attention has been given to the
possibility for the external forcing of these unique systems via concentration change at
the Ni electrode surface until now.
Although new electrochemical studies that have been performed on Ni single wire
electrodes provide a significant amount of information about self-organization and
periodic oscillations, an in depth analysis of the Ni/H2SO4 oscillating system was not
possible because of the lack of adequate technology.6 In order to overcome this issue, a
coupled microelectrode array sensor (CMAS) has been recently developed. The CMAS is
an integrated device with multiple electrodes that are connected externally in a circuit,
and all of the electrodes on the CMAS have the same amount of potential applied or
current passing through them during experiments.
A CMAS can be used for studying self-organization and periodic oscillations via
external forcing. External forcing has been performed by attaching resistors in parallel or
series to each individual electrode on the CMAS during electrochemical studies. Next,
the total resistance of the system was held constant while the amount of resistance going
through each individual resistor was altered by changing the location of resistors or
orientation of the electrodes. As a result, global coupling could occur between the
electrodes on the CMAS. Global coupling occurs when electrodes on the CMAS form

2

several clusters that produce different spatiotemporal and self-organized patterns during
electrochemical studies .7-8
A CMAS has also been used for real-time corrosion monitoring in cooling water
systems, simulated seawater, salt-saturated aqueous solutions, concentrated chloride
solutions, and concrete.9 CMAS are useful devices because they are capable of simulating
single wire electrodes of the same size.5-6, 9-15 During the last six decades, many
electrochemical studies have been performed by using the CMAS; however, no published
description of the fabrication process has been given until now. This thesis provides the
first complete description of how to fabricate the CMAS.
1.2

Corrosion
During the electrochemical studies of the periodic oscillations that form during

the electrodissolution of Ni, the Ni surface corrodes non-homogenously as positive
potentials are applied to the electrode. Although different forms of corrosion occur during
cyclic voltammetry (CV) experiments, periodic oscillations are one of the two main
emphasis of this thesis. The other half of this thesis discusses a device that is well suited
to study corrosion and help to further advance the knowledge needed to understand
corrosion better. Furthermore, a discussion of the corrosion process, nickel’s involvement
in corrosion, and associated corrosion problems was necessary for a complete
understanding of why the device is important.
Although Ni has been used for many decades to help prevent and reduce
corrosion, the cost of preventing corrosion is an issue that is still growing. In 1998, the
direct estimated annual cost of corrosion was $276 billion in the United States (3.1% of
the nation’s Gross Domestic Product (GDP)).16 Twelve years later that amount rose to
3

over $500 billion, and it is expected to consistently rise every year. The indirect annual
cost of corrosion which results from the loss of efficiency, product contamination,
product loss, and machinery or system shutdown is very hard to calculate.17 However, the
indirect cost is assumed to be just as high as the direct cost.16 With that in mind, the
current total annual cost of corrosion (direct and indirect cost) is estimated to be over $1
trillion in the United States alone. This cost includes replacement cost, preventive and
direct maintenance cost, and inspections for cathodically protected pipelines, machinery,
and structures.
Corrosion phenomenon happens when a material (typically metal) deteriorates as
a result of reacting with its environment. The corrosion of a metal is often caused by an
electrochemical oxidation reaction in which an oxidant reacts with a metal in an
electrolyte solution. The reaction tends to form metal oxides or salts of the metal. This
natural process degrades the useful properties of the metals which include the strength,
physical appearance, conductivity, and permeability.9
Corrosion has also been linked to the premature failure of bridges, buildings,
operating equipment, and etc. which can also result in environmental pollution, human
injury, or even loss of life. It is evident that corrosion is a problem that will probably
always exist. As a result of this, thousands of studies have been performed; however,
more studies are needed in order to get a better understanding of the following:
1.

Corrosion mechanisms in different environments

2.

The effects of various materials’ corrosion resistant properties

3.

Proper installation and manufacturing techniques

4.

Corrosion control and prevention methods
4

5.

The testing and monitoring techniques for corrosion

The environments and climate in which corrosive materials are located have a
major impact on the type of corrosion that can occur.18 There are nine common types of
corrosion: uniform corrosion, galvanic corrosion, pitting corrosion, crevice corrosion,
filiform corrosion, intergranular corrosion, stress corrosion cracking, erosion corrosion,
and concentration cell corrosion.19 Because of the possibility of stress corrosion cracking,
crevice corrosion, and pitting corrosion occurring on passive metals such as nickel and
also not being detectable by the human eye, they are considered to be three of the more
dangerous forms of corrosion. As a result, stress corrosion cracking, crevice corrosion,
and pitting corrosion will only be discussed in this thesis.
Figure 1.1 illustrates an example of stress corrosion cracking on a high nickel
alloy in a chemical piping system. The “lightning bolt” transgranular crack pattern that
forms during stress corrosion cracking is caused by high levels of tensile stress in
particular corrosive environments.9, 17, 20 Stress corrosion cracking creates a marked loss
of mechanical strength with little or no loss of metal.18 Several major disasters including
the destruction of oil refineries and power plants, the explosion of boilers, and the rupture
of high-pressure gas transmission pipes have occurred in recent years due to unseen stress
corrosion cracking in the operation systems. Stress corrosion cracking is typically
initiated by pitting corrosion which is even harder to monitor.

5

Figure 1.1

Stress corrosion cracking of a high Ni alloy pipe used in a high chloride
system. 21

Note: Image taken with a scanning electron microscope during a metallurgical analysis.
Reprinted from Durex Industries, Microstructure_Figure_4.jpg..
http://durexindustries.com/news/electric-heat-sources-find-usein-the-oil-and-gas-sector
(accessed June 01, 2015).21
Localized corrosion that develops adjacent to or within narrow spaces formed by
two metals with different reduction potentials or metal to nonmetal is called crevice
corrosion. 9, 17-18 Crevice corrosion typically originates from local differences in the
concentration of oxygen that is deposited on the metal surface or in between gaps, cracks,
lap joints, or crevices where an electrolyte solution becomes stagnant. The gap space that
forms the crevice is defined as a space that is typically large enough to trap electrolyte
solution and small enough to keep the solution stagnant. The area inside the gap and
outside of the gap that forms the crevice corrodes in the same manner in the corrosive
environment.9, 18
After the initiation of crevice corrosion, the corrosion progresses rapidly. Figure
1.2 represents crevice corrosion for metal to metal interaction in an environment with a
high concentration of chloride.18 For instance, the cathodic reduction of oxygen for the
anodic dissolution of Ni in a neutral chloride solution is given by the following reactions:
6

Anodic

Ni → Ni2+ + 2e-

Cathodic O2 + 2H2 O + 4e− → 4OH−

(1.1)
(1.2)

The electrons produced during the formation of the Ni ions in the small amount of
stagnant solution inside the crevice are consumed by all of the oxygen (O2) that is
dissolved. Because of the large amount of O2 outside of the crevice, the dissolution
reaction is continued as the electrons of the Ni reaches outside by transporting electrons
through the metal. This region creates a concentration cell where differences in O2
concentrations exist in different regions on the Ni metal. If chloride ions are present, then
the large amount of cations inside the crevice are attracted to the chloride anions to form
nickel hydroxide and hydrochloric acid in the solution:
NiCl2 + 2H2 O → Ni(OH)2 + 2HCl

Figure 1.2

(1.3)

Crevice corrosion for metal to metal interaction in a Cl- environment.

Note: M represents Ni metal. M2+ represents the Ni metal ions being removed.
Reprinted from Mateis Insa Lyon Laboratory. Crevice Corrosion.
http://www.cdcorrosion.com/mode_corrosion/corrosion_crevice.htm (accessed July 01,
2015)22.
7

Pitting corrosion is a localized corrosion that is similar to crevice corrosion.17
Pitting corrosion is the process that involves highly localized loss of metal in an area of a
material in which holes or cavities are produced.20 The pits are initially caused by the
breakdown of the protective oxide film that is spontaneously produced as a defensive
mechanism on the metal surface in a corrosive environment.18-19 This process is
illustrated in Figures 1.3a and 1.3b where pitting corrosion process and pitting corrosion
on the Liberty nickel are seen. The breakdown of the protective film is due to chemical
factors or mechanical scratches deep enough to expose the metal surface. Chemical
factors include increased acidity, low dissolved oxygen concentrations, or high chloride
concentrations. The pits are typically cup- or hemispherical shaped and often covered
with corrosion products. Entire engineering and mechanical systems have failed due to
small narrow pits with little metal loss similar to the pit seen in Figure 1.3.

Figure 1.3

Pitting corrosion mechanism and pitted Ni liberty coin

Note: (a) Illustration of the dissolution of Ni exposed to an acidic environment. (b)
Pitting corrosion on a Ni Liberty coin (Reprinted from Mount Vernon Coint
CompanyLiberty Nickels | Mount Vernon Coin.
http://www.mountvernoncoinco.com/collections/liberty-nickels (accessed October 02,
2015)23.
8

1.3

Passivation
Passivity is defined as behaviors that are attributed to the formation of a thin

passive oxide film on the surface of a metal under corrosive conditions in which the
dissolution of metal would be expected thermodynamically. Aluminum, chromium, iron
(in specific environments),24 titanium, nickel and many of their alloys form passive films.
By examining a polarization plot and location of corrosion potential in a polarization
curve, the stability of the passive film can be determined.9
The anodic polarization of a passive metal such as Ni in a given acidic solution is
presented by Figure 1.4. Initially, (A), a potential (Eapp) is applied on a metal in order to
create the redox reaction. As the potential is increased, the corrosion potential (Ecorr) is
eventually reached where the metal starts to actively corrode as a result of the anodic
reaction that occurs. At B of the anodic polarization curve, the metal reaches a current
limit due to mass-transport or reaction-rate limitations that can occur on the metal
surface. If the potential is increased, the metal can either continue to corrode at a constant
current (B to B’) or the current decreases significantly (B to C) due to the formation of a
passive layer. The passive layer is usually an oxide film. Its formation occurs at the
passivation potential, Epass (also known as Flade potential), and the current at this point is
called the passivation current, Ipass. As higher potentials are reached, crevice corrosion,
pitting corrosion, and stress cracking corrosion can occur. If the electrical conductivity of
the passive film is high, then the metal will reach a high potential and the film will
become thicker (C to D). However, at significantly higher potentials, (F), the metal may
resume actively corroding. This is called the transpassive region of the metal. As the

9

potential rises above the transpassive region, (F to G), the evolution of oxygen from the
surface is observed.9

Figure 1.4

1.4

Polarization curve illustrating possible anodic metal behaviors in aqueous
solution

Passivation of Nickel
After the initiation of corrosion, Ni naturally passivates in acidic media such as

H2SO4. In 1967, Indira et al. developed the approach called the Stoichiometric Region
(SR) mechanism in which the conductivity of crystalline phases of metals were analyzed
to describe the passivation process. In one of their studies, nickel oxide film (NixOy) at
the Ni electrode was evaluated to determine the SR mechanism.25 It was predicted that a
stoichiometric NixOy phase was expected to be non-conducting or an insulator; however,
10

if the film develops defects in the crystalline structure, then the structure will be
conductive. For example, if metallic Ni is considered as it is being anodically polarized
and already passivated with NixOy film, then the SR model indicates that at the
film/solution interface the interactions of hydrogen ions (H+) with oxygen ions in the
solution causes the formation of oxygen vacancies (νO2− -) in the oxide film (Scheme
1.1).6, 25

Scheme 1.1

Principle Stoichiometric Region mechanism for nickel oxide film layer

Notes: Reformatted from Orlik, M., Self-organization in Electrochemical Systems I
General Principles of Self-organization. Temporal Instabilities. Springer: Berlin ; 2012; p
1-511.
Because of coulombic repulsion, the effectively positively charged oxygen
vacancies transfer the nickel ions to solution phase. Nickel ions may also interact with
sulfate ions which can spontaneously transfer the Ni2+ ions into the solution. When an
electric field is created or an external potential is applied, the effectively negatively
charged nickel vacancies move through the oxide film towards the nickel metal so that
the Ni2+ ions can be transferred to the arriving vacancies. When a high overpotential is
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applied, Ni2+ ions are transferred from the metal to the interstitial position in the oxide
phase while the interstitials simultaneously migrate towards the solution. The
concentration of the interstitials is increased on the oxide film near the metal surface. Due
to these defects (nickel interstitials and vacancies) migrating in opposite directions, they
annihilate each other in the middle of the system and form a “stoichiometric region.” As a
result of this region, a current drop occurs in the system when the oxide film becomes
thick.6, 25
If an applied potential is steadily increased in a Ni/H2SO4 system as the
stoichiometric region is formed, different types of nickel oxide can be produced. Possible
dissolution mechanisms of Ni for the formation of the NixOy films at different potentials
during this process include:26
Ni → Ni2+ + 2e−

E = −0.25 V

(1.4)

Ni + H2 O → NiO + 2H+ + 2e− E =0.116 V

(1.5)

2NiO + H2 O → Ni2 O3 + 2H+ + 2e− E = 1.032 V

(1.6)

2Ni3 O4 + H2 O → 3Ni2 O3 + 2H+ + 2e− E = 1.305 V

(1.7)

Ni2 O3 + H2 O → 2NiO2 + 2H+ + 2e− E = 1.434 V

(1.8)

Ni2+ + 2H2 O → NiO2 + 4H+ + 2e− E = 1.593 V

(1.9)

From the mechanism, it is evident that there are several different forms of NixOy can
possibly be produced individually or even simultaneously during the course of a reaction
in which increasing potentials are applied.
At higher potentials in the system, a critical point is reached in which the current
will increase slowly or not at all. The high potentials also cause the system to be
damaged, and a local potential drop will be increased because of the poorly conducting
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stoichiometric region. In this transpassive region (F in Figure 1.4) where the high
potentials are applied, self-organized oscillations in Ni/H2SO4 system can be created by
the breakdown/buildup of NixOy film and one or more parameters. The parameters may
include the concentration, pH of electrolyte used, the temperature, and resistance in the
system (typically a resistor in series or parallel that is attached to a working electrode or
array of interest).6
1.5

Self-Organization
As mentioned above, Ni is one of the many metals that is known to self-organize

(oscillate) in electrochemical systems during corrosion (Figure 1.5). Self-organization is a
phenomenon in nonlinear, dynamical systems that has been observed in electrochemical
experiments for over 200 years.6, 27 Self-organization is the spontaneous, coherent,
dynamic behavior of a system’s components which lead to variations of the typical
characteristics. Various kinds of temporal, spatial, and spatiotemporal self-organization
are possible in electrochemical systems. For example, periodic oscillations and quasiperiodic oscillations occur in nonlinear systems as a result of these spontaneous
formations of order in domain of time and/or space. These phenomena can only occur
beyond the state of equilibrium.28
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Figure 1.5

Cyclic voltammogram of the disolution of a Ni coated (100 µm thick) Cu
wire in 0.9 M H2SO4.

Note: Scan rate was 10 mV/s. A Ni coated Cu wire (working electrode) was in series with
a 1 kΩ resistor. (a) Forward sweep during cycle (b) reverse sweep during cycle. A carbon
rod and Ag/AgCl electrode were used as the auxiliary electrode and counter electrode
respectively.
There are two proposed reasons for these Ni phenomena which include
thermodynamics and kinetics. The second law of thermodynamics which forbid the
entropy of the Universe to decrease validates this concept. Because the creation of every
order (including these systems) decreases the entropy, there must occur a counter
irreversible, dissipative process in which the production of entropy is compensated at the
same time. The conditions of this process was termed as dissipative structures by I.
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Prigogine 29 which emerge only as long as the sufficient dissipation of energy occurs. The
kinetics part of these phenomena need positive and negative feedback loops in the steps
that compose the mechanism of the whole process and nonlinear dependence between the
resulting flows and parameters which drive the system.6
The thermodynamics and kinetics of Ni/H2SO4 oscillating systems are affected by
the resistance in the system as a potential is applied to the Ni electrode. As a result of the
Ni electrode potential playing an essential role in the origin of periodic oscillations, the
Ni electrochemical system exhibits hidden n-shaped negative differential resistance (HNNDR) in a certain region of the overpotential. The HN-NDR is created by a slow charge
transfer reaction that masks the fast negative differential resistance (NDR) chemical
reaction. Because of this general underlying mechanism, the parameter dependence of
non-linear behavior is similar for the NDR class of electrochemical systems. This notion
is used as a basis for classifying different types of electrochemical oscillations based on
dependence of oscillations on external resistance. As a result, if the external resistance in
the Ni/H2SO4 systems is steadily increased to extremely high resistance and the applied
potential is held constant, then the system will transition into one of three possible
steady-states (two stable and one unstable). In Figure 1.6, the dependence on adding
external resistance (adding a resistor in series) to Ni/H2SO4 systems and the transition to
unstable steady-states which produce periodic oscillations is seen.13
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Figure 1.6

Forward Sweeps only for CV of linear sweeps for the disolution of 1 mm
Ni wire in 0.9 M H2SO4 (changing resistance)

Note: Consecutive CV runs were performed (only the results from the forward sweeps
shown). Scan rate was 10 mV/s. Ni wire (working electrode) was in series with no
resistor (blue), a 2 kΩ resistor (red), and 5 kΩ resistor (black). A carbon rod and
Ag/AgCl electrode were used as the auxiliary electrode and counter electrode
respectively.
1.6

Bifurcation Theory
The mathematical background of self-organization is the bifurcation theory.30

Bifurcation theory is a mathematical tool in which differential equations for nonlinear
systems are linearized and used to determine if a dynamic system will spontaneously
transition from a non-oscillatory steady state to an oscillatory state due to the loss of
stability.6, 28 The oscillatory state can be stable or unstable in regards to fluctuation. The
system may be sensitive to fluctuations at bifurcation points which are points in a system
where the system can transition into one of two (maybe more) different states. Processes
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that are completely physically and chemically different can exhibit the same types of
bifurcations at different points (different currents, potentials, concentrations,
temperatures, or etc.) in a given system.28
Bifurcation only occurs if all three fundamental conditions of self-organization
are met. These conditions include the process being irreversible, the system being
completely nonlinear (developing far from equilibrium), and the presence of an
appropriate feedback loop. Assuming that the proper differential equations are derived
from the variables that meet all these conditions, the occurrence of self-oscillations would
depend on the control parameter, (µ), (potential or current, pH, temperature, and etc.) of
the experiment.6 In electrochemical systems, these oscillatory states can be produced
under galvanostatic or potentiostatic conditions. Figure 1.7 illustrate two kinds of
periodic oscillations that can be observed at a Ni electrode in a 1 M H2SO4 solution.
Damped oscillations occur at a current density of 2.26 mA cm-2 and terminate after a
certain amount of time. By increasing the current density slightly (2.87 mA cm-2),
sustained oscillations can be produced.31 These oscillations are continuous as long as the
conditions and parameters in the system remain constant.6
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Figure 1.7

Oscillations of a Ni electrode in 1 M H2SO4 of potential under galvanostatic
conditions.

Note: (a) negative damped oscillations for a current density of 2.26 mA cm-2 (b)
sustained oscillations for a current density of 2.87 mA cm-2.6 Reprinted with permission
from J. Electrochem. Soc., Osterwald, J. F., H. G., Periodic Phenomena at a Nickel
Electrode in Sulfuric Acid. J. Electrochem. Soc. 1960, 107, 473-474. Copyright 2003,
The Electrochemical Society.
In 1989, Lev et al. performed electrochemical experiments on the dissolution of
Ni in different concentrations of sulfuric acid. The group created a grand bifurcation
diagram map of Ni dissociation by plotting the current versus H2SO4 concentrations
(Figure 1.8).32 The map indicates which type of bifurcations that would occur in solutions
of sulfuric acid with certain concentrations. Of the all the bifurcations that occur, in this
thesis, the discussion will be limited to the three bifurcations which appear in Ni/H2SO4
electrochemical systems at low concentrations. Saddle-node (for example, around 2.10 V
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in Figure 1.5b) and Hopf bifurcations (for example, around 2.10 V in Figure 1.5a) are
two of the bifurcations which are local in nature. The third bifurcations is homoclinic
bifurcation (for example, around 2.51 V in Figure 1.5a) which is global in nature and
requires an in depth non-linear stability analysis.6

Figure 1.8

Grand bifurcation map of Ni dissolution in H2SO4 solution:

Note: The typical phase planes are unique (U), globally stable stationary state (U3),
birhythmicity (MO), oscillatory (O), oscillatory and stationary state (OS), unstable
saddle-node (SN), and bistability (CUSP). The Hopf, saddle-loop, saddle-node are
labeled on the diagram with different types of dotted lines. Reprinted with permission
from Lev, O. W., A.; Pismen, L. M.; Sheintuch, M., The Structure of Complex Behavior
in Anodic Nickel Dissolution. J. Phys. Chem 1989, 93 (4), 1661-1666. Copyright (1989)
American Chemical Society.
1.6.1

Linear Stability Analysis
Linear stability analysis is a standard and fundamental technique that linearizes

the system’s differential equations about the stationary state in order to study the stability
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of the stationary state.6, 33 The basis for the linear stability analysis is the Lyapunov
Theorem. The Lyapunov Theorem states that the phase trajectories in the close region of
the given steady state is the same for both linear and nonlinear systems.6, 30, 33 By partially
solving the linearized equations for the nonlinear systems, the eigenvalues and
eigenvectors of the Jacobian matrix of coefficients can be calculated. The stability of the
system is evaluated by the sign of these eigenvalues. Negative eigenvalues imply a
damping out of the fluctuations in the system which means that the system is overall
stable. One or more positive eigenvalues imply an exponential increase in the fluctuations
in the system which would indicate an unstable system where oscillatory states are
possible.6, 28
The stability of local nonlinear self-organized systems are usually analyzed as a
two dimensional homogenous systems in which two single dynamical variables x and y
(concentration, current, or maybe potential) are chosen for the two systems.6, 30 The
stability of the steady states is based on the parameter (μ). Consider the model of the
autonomous differential equations below:
𝑑𝑥
𝑑𝑡
𝑑𝑦
𝑑𝑡

= 𝑔(𝑥, 𝑦)

(1.14)

= ℎ(𝑥, 𝑦)

(1.15)

When dx/dt = dy/dt = 0, linear stability analysis is applied to the fixed points
(steady states). The parameters of the steady states (two or more) can be labeled as (xs, ys).
The system can be studied by using the following steps. Use the Taylor series to expand
both functions 𝑔(𝑥, 𝑦) and ℎ(𝑥, 𝑦) with only the terms on the left side of each equation
that have been linearized being used (Equations 1.16 and 1.17). Measure the distance
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from the actual state (x, y) to the steady-state characteristics (xs,ys) of the system
(Equations 1.18 and 1.19).6
𝑑𝑥
𝑑𝑡
𝑑𝑦
𝑑𝑡

𝜕𝑔

𝜕𝑔

𝜕𝑥 𝑠

𝜕𝑦 𝑠

= ( ) (𝑥 − 𝑥𝑠 ) + ( ) (𝑦 − 𝑦𝑠 )
𝜕ℎ

𝜕ℎ

𝜕𝑥 𝑠

𝜕𝑦 𝑠

= ( ) (𝑥 − 𝑥𝑠 ) + ( ) (𝑦 − 𝑦𝑠 )

(1.16)
(1.17)

𝛼 = 𝑥 − 𝑥𝑠

(1.18)

𝛽 = 𝑦 − 𝑦𝑠

(1.19)

Rewrite Equations 1.16 and 1.17 in simpler terms that are equivalent in form
(Equations 1.20 and 1.21). Create and evaluate a Jacobian matrix (J) of partial
derivatives. If the determinant (DetJ (J)) is not equal to zero, then the solutions of
Equations 1.20 and 1.21 for 𝑑𝛼/𝑑𝑡 =dβ/dt = 0 is the steady state (0, 0). Substitute a trial
solution (Equations 1.23 and 1.24 are the examples that are used.) into Equations 1.20
and 1.21 so that the stability of the steady state can be determined. Derive the algebraic
equations for the system (Equations 1.25 and 1.26).6
𝑑𝛼
𝑑𝑡
𝑑𝛽
𝑑𝑡

= (𝑐 ∙ 𝛼) + (𝑑 ∙ 𝛽)

(1.20)

= (𝑒 ∙ 𝛼) + (𝑓 ∙ 𝛽)

(1.21)

𝜕𝑔

𝜕ℎ

𝜕𝑥 𝑠

𝜕𝑦𝑠

𝑱 = [𝜕ℎ

𝜕𝑥 𝑠

𝜕𝑔

𝑐
] ≡ [
𝑒

𝑑
]
𝑓

(1.22)

𝜕𝑦 𝑠

𝛼 = 𝐹𝑒 𝜇𝑡

(1.23)

𝛽 = H𝑒 𝜇𝑡

(1.24)

If the solutions of the system are irrelevant (F = H = 0), then evaluate the system
using nonzero values for coefficients F and H (Use the nonzero values when the matrix
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of Equation 1.27 is valid.) Equation 1.27 satisfies the condition that is equal to the
trigonomial square (eigenvalue equation) formed in Equation 1.28 with the trace (Tr (J))
and DetJ (J) defined (Equations 1.29 and 1.30 respectively).
𝐹(𝑐 − 𝜇) + 𝐻𝑑 = 0

(1.25)

𝐹𝑒 + 𝐻(𝑓 − 𝜇) = 0

(1.26)

(𝑐 − 𝜇)
𝑑
]=0
(𝑓 − 𝜇)
𝑒

(1.27)

𝜇2 − (𝑇𝑟(𝐉) ∙ 𝜇) + 𝐷𝑒𝑡𝐽 (𝑱) = 0

(1.28)

𝑇𝑟(𝐉) = 𝑐 + 𝑓

(1.29)

𝐷𝑒𝑡𝐽 (𝐉) = 𝑐𝑓 − 𝑑𝑒

(1.30)

𝐷𝑒𝑡𝐽 = [

Equation 1.31 will always have at least two solutions (eigenvalues) which will
also be the solution to Equations 1.20 and 1.21. The total number of solutions depends
on the initial conditions of the system and the equations that are converted into their
general form (Equations 1.32 and 1.33).6
𝜇1,2 =

𝑇𝑟(𝑱)±√[𝑇𝑟(𝑱)]2 −4𝐷𝑒𝑡 𝐽 (𝑱)
2

(1.31)

𝛼 = 𝐶1 𝑒 𝜇𝑡 + 𝐶2 𝑒 𝜇𝑡

(1.32)

𝛽 = 𝐶3 𝑒 𝜇𝑡 + 𝐶4 𝑒 𝜇𝑡

(1.33)

𝛼 = 𝑥𝑠 + 𝐶1 𝑒 𝜇𝑡 + 𝐶2 𝑒 𝜇𝑡

(1.34)

𝛽 = 𝑦𝑠 + 𝐶3 𝑒 𝜇𝑡 + 𝐶4 𝑒 𝜇𝑡

(1.35)

𝜇1,2 = 𝜌 ± 𝑖𝜔

(1.36)

Two-dimensional systems follow the same basic principles that are applied to
one-dimensional systems. All disturbances to the system are exponentially damped and
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the steady state is considered stable if both roots (𝜇1 and 𝜇2 ) are negative real numbers. If
only one of the roots is negative and the other is positive, then the disturbance will grow
exponentially and cause the steady state to be unstable. If [𝑇𝑟(𝑱)]2 − 4𝐷𝑒𝑡 𝐽 (𝑱) in
Equation 1.31 is greater than zero, then 𝜇1 and 𝜇2 are both complex conjugate numbers
(Equation 1.36) where 𝑖 = √−1 ; 𝜌 and angular frequency (𝜔) are as follows:
𝜌 = 𝑅𝑒𝑎𝑙(𝜇) =

𝜔 = 𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦(𝜇) =

𝑇𝑟(𝐉)

(1.37)

2

√4𝐷𝑒𝑡𝐽 (𝐉)−[𝑇𝑟(𝐉)]2
2

(1.38)

Equivalent periodic equations (Equations 1.39 and 1.40) of the solutions (Equations 1.34
and 1.35) can be derived by using Euler’s formula (𝑒 −𝑖𝜔 = cos(𝜔) + 𝑖sin 𝜔). The phase
angles are ϕ1 𝑎𝑛𝑑 ϕ2 . The cosine terms determine if oscillations will occur, and the sign
of exponential term 𝜌 determines if the oscillations are damped (p < 0) or sustained (p >
0).6
𝑥 = 𝑥𝑠 + 𝐶′1 𝑒 𝑝𝑡 𝑐𝑜𝑠[𝜔𝑡 + ϕ1 ]

(1.39)

𝑦 = 𝑦𝑠 + 𝐶 ′ 2 𝑒 𝑝𝑡 𝑐𝑜𝑠[𝜔𝑡 + ϕ2 ]

(1.40)

The relationship between Tr(J) and Detj(J) of the Jacobian matrix (1.22) that
predicts all the possible trajectories for the linearized system are seen in Figure 1.9. On
the chart, a set of Hopf bifurcation points (vertical line in center) corresponds to Tr(J) =
0 and Detj(J) > 0. When Detj(J) = 0, the determinant of the Jacobian matrix has changed
signs and a saddle-node bifurcation is produced in the two-dimensional systems.6
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Figure 1.9

Difference in local stability and character of stationary-state solution with
the values of trace and determinant of the corresponding Jacobian matrix
values in Table 1.1.

Note: Reformatted with permission from Oxford University Press, Inc.
The shape of the possible trajectories for the linearized system can be correlated
with 𝜇 𝑎𝑛𝑑 𝜇1 roots (Equation 1.41) which are derived from Equation 1.28. As a result,
the expressions for the trace and determinant of the Jacobian matrix are altered
(Equations 1.42 and 1.43 respectively). As long as Tr(J) < 0 and Det J (𝐉) < 0, the
system will be stable. If either the trace or determinant changes sign, then different
trajectories may occur. Table 1.1 shows detailed dependences between the values of
eigenvalues μ1 and μ2 with the associated type of stability of steady state.6
(𝜇 − 𝜇1 )(μ − μ2 ) = 𝜇2 − μ(μ1 + μ2 ) + 𝜇1 μ2 = 0

(1.41)

Tr(𝐉) = μ1 + μ2

(1.42)
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(1.43)

Det J (𝐉) = μ1 μ2

Table 1.1
𝑻𝒓(𝑱)

–

The classification of local stability and character in terms of Jacobian
matrix and eigenvalues
𝑫𝒆𝒕𝑱 (𝑱) [𝑻𝒓(𝑱)]𝟐 − 𝟒𝑫𝒆𝒕𝑱 (𝑱)

+

Character and Stability

Stable node (monotonic
approach)
–
+
–
Complex real parts,
Stable focus (damped
neg.
oscillatory approach)
0
+
–
Imaginary
Hopf Bifurcation point or
(real = 0)
center
+
+
–
Complex real parts, Unstable focus (oscillatory
pos.
divergence)
+
+
+
Real, both pos. Unstable node (monotonic
divergence)
0
+
One zero, one neg. Saddle-node bifurcation
±
or one pos.
point
–
+
Real, one neg.,
Saddle point (unstable)
±
one pos.
0
0
0
Both zero
Double zero eigenvalue
bifurcation point
Note: Reformatted with permission from Oxford University Press, Inc.6
1.6.2

–

𝝁𝟏,𝟐

Real, both neg.

Saddle-node Bifurcation
When one of the eigenvalues passes through zero, a saddle-node bifurcation will

occur.28, 30, 33 During saddle-node bifurcation, two stable states merge together (solid lines
in Figure 1.10).6 A sudden jump in the system response (bifurcation variable) occurs
when the control parameter is driven past the saddle-node see Figure 1.5b. As a cyclic
sweep is made through the bifurcation diagram in Figure 1.10, hysteresis may occur as a
result of increased control parameter. Hysteresis occurs when a system can be in one of
two possible stable steady states. This important phenomenon is called bistability. It is
called multistability when more than two stable steady states are possible.28 The system
determines which steady state that it is in.
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Figure 1.10

Typical saddle-node bifurcation diagram.

Note: Solid lines represent the evolutions to the stable state. Dashed line represent
unstable state. Arrows represent the path of system. Dotted lines represent possible
oscillatory trajectories
1.6.3

Hopf Bifurcation
The most general way that oscillations form in a system is through Hopf

bifurcation. When the real part of a pair of complex conjugate eigenvalues pass through
zero, a Hopf bifurcation occurs.28 During Hopf bifurcation, an oscillatory state is born
when the stationary state becomes unstable.6 The Hopf bifurcation is subcritical when the
oscillatory state is unstable and the oscillations in the system may or may not be seen (not
shown). The Hopf bifurcation is supercritical when the oscillatory state is stable and the
oscillations are always seen (Figure 1.11). These oscillations typically occur close to the
bifurcation with small-amplitude oscillations that look sinusoidal Figure 1.5a.28
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Figure 1.11

Typical Hopf bifurcation diagram.

Note: Dashed line represent unstable state. Solid lines represent stable state.
1.6.4

Homoclinic Bifurcation
Homoclinic bifurcation occurs when stationary state of the saddle type collides

with an oscillatory state (Figure 1.12).28 It is assumed that the oscillatory state (Hopf
bifurcation) was formed prior to the collision (see Figure 1.5a). Although differential
equations can be used to determine if a homoclinic bifurcation will occur in a system of
interest (not shown), easier methods such as using a phase plane picture (The plane
spanned by two variables X and Y) or impedance spectroscopy can used to analyze
systems (not discussed).6 If saddle node bifurcation and another bifurcation occur within
the same system, then homoclinic bifurcation most likely will occur. A control parameter
(µc) may cause the stability of the stationary state to change. A homoclinic bifurcation
occurs when the critical value of the control parameter has an eigenvalue that becomes
exactly zero.28
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Figure 1.12

Typical homoclinic bifurcation diagram.

Note: Solid lines represent stable state. Reprinted from Koper, M. T. M., Non-linear
Phenomena in Electrochemical Systems. J. Chem. Soc., Faraday Trans. 1998, 94 (10),
1369-1378 with permission of The Royal Society of Chemistry
1.6.5

Coupled Microelectrode Array Sensors
A coupled microelectrode array sensor or CMAS (also called wire beam electrode

or multielectrode array sensor) is a sensor with electrodes that are connected together
(coupled) through an external circuit and used for quantitative, localized, online and realtime monitoring of corrosion, and electrodissolution processes such as the periodic
oscillation phenomena that are discussed in this thesis. These electrochemical processes
are very important issues that affect the operation of industrial plants and laboratories.
CMAS are also used, much less frequently to investigate nonlinear effects and oscillatory
reaction.
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A CMAS is fabricated from several metal or metal alloy wire bundles that are
embedded in insulating materials. The wire bundles of the CMAS are constructed from
electrically insulated metal wires (sensors) which can be identical, dissimilar, galvanized,
heat treated, or stressed metal materials with the terminals of the wire bundle
electronically integrated into a potentiostat. The electrodes of the CMAS can be arranged
in different patterns. The electrodes of the array are typically spatially arranged in regular
patterns (for example, 10 × 10, 2 × 2, and 5 × 4 array).27, 34-35
The operating principle of a CMAS is that it is able to simulate traditional one
wire electrodes of the same size. A CMAS is preferred over the traditional one wire
electrodes and other corrosion measuring techniques in studies of heterogeneous
corrosion because a CMAS can measure exact electrochemical parameters from a chosen
location of the electrode surface, delineate clearly the areas of cathodes and anodes, allow
the current behavior of each individual electrode to be monitored, and measure the
kinetics of heterogeneous electrochemical processes at the same time.9
In Figure 1.13, the schematic diagram compares the single wire electrode (only
one metal wire) versus CMAS system measurements for a circuit current or potential.
When a single wire electrode undergoes non-uniform corrosion, electrons are released
from the anodic sites where the electrode corrodes and travel to the cathodic sites. In a
coupled multielectrode array sensor, some of the electrodes on the array have the
properties that are close to the anodic sites and others have the properties that are close to
the cathodic sites of the corroding metal. The electrons released from the anodic
electrodes on the CMAS are forced to flow through the external circuit to the cathodic
electrodes (reduction of electrode). Thus there are anodic currents flowing into the more
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corroding electrodes (oxidation of electrode) and cathodic current flowing out of the less
corroding or non-corroding electrodes. The electrodes on the CMAS that have the
properties close to the anodic sites that simulate the anodic areas on the single wire
electrodes, and the electrodes that have the properties close to the cathodic sites simulate the
cathodic areas of the corroding single wire electrode.36

Small potential drops are produced as the electrons flow from the corroding
electrode through the resistor or zero-resistance ammeter.36 The potential drops can be
measured by a potentiostat or voltmeter.
Because the surface area of each wire (electrode) in a CMAS is much smaller than
the area of the total working electrode, the electrochemical processes that occur on each
corroding wire surface can be assumed to be uniform even if the entire electrode surface
is electrochemically nonuniform. Electrochemical techniques and theories which describe
uniform electrochemical processes can be applied to each wire in an integrated CMAS
because of that assumption.9
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Figure 1.13

Localized corrosion monitoring schematic diagram showing the principals
a single electrode and CMAS

Note: The top is a single electrode and the bottom is the CMAS. Reprinted from Elsevier,
Yang, L., Techniques for Corrosion Monitoring. 1 ed.; Woodhead Publishing Limited:
Boston, 2008; p 187-235, Copyright (2008) with permission from Elsevier.9
Although hundreds of papers have been written in which CMAS were used, none
of them contain a detailed, cheap, simple, and reproducible process for making CMAS.
CMAS are not easy to make and there should be a systematic way to make close-pack or
far spaced CMAS. This thesis will discuss a step by step process for making close-packed
10 ×10 and 5 × 4 coupled copper microelectrode array sensors (Cu CMAS) and
experiments to test them.
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1.7

Goals and Scope of the Current Thesis
The main goals of this thesis are:
1.

To explore and study the periodic oscillations produced in low H2SO4
concentration solutions (0.3 M to 0.9 M)

2.

Controlling or perturbing the current oscillations of Ni in H2SO4 by using
an external electrode (300 μm diam Pt electrode) to locally modify the
chemical environment at the Ni electrode

3.

Fabricating a novel, cheap, and reliable 10 × 10 and 5 × 4 coupled Cu
microelectrode array sensors in a systematic way for the electrochemical
study of corrosion

4.

Develop a method to electrodeposit Ni on the surface of the Cu CMAS
and verify that the resulting plated Ni CMAS behaves as a bulk Ni
electrode

Chapter I of this thesis describes an overview of corrosion problems and describes
the different forms of corrosion that can form on passive metals. It continues by
describing the fundamentals of nickel’s passivation and self-organization processes. This
chapter also discusses the theory which helps to predict the occurrence of oscillations
during self-organization processes, the mathematical backgrounds behind these types of
systems, and the types of bifurcations that occur in Ni/H2SO4 systems. Some background
and fundamental information about coupled microelectrode array sensors is also
described in this chapter. This chapter concludes with the goals and scope of this
investigation.
Chapter II presents the fabrication of the Pt and Ni electrodes used in the cyclic
voltammetry experiments. This section also discusses experimental setups for the same
experiments. The detailed results from the experiments for the electrodissolution of Ni in
different concentrations of sulfuric acid by the addition of sulfuric acid or sodium
hydroxide and the detailed results from the experiments for the change in concentration
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near the Ni surface by external forcing with a Pt electrode are also discussed. Special
attention is given to the change in frequency, magnitude, and the onset and termination
point of the periodic oscillations that occurred during the experiments. A unique and
novel way of controlling the periodic oscillations that formed during the Ni
electrodissolution experiments is stressed in this chapter. Additionally, the surface of the
Ni electrode was examined before and after experiments in order to get a better
understanding of the changes that developed in the Ni/H2SO4 system during the
electrochemical experiments.
Chapter III focuses on the fabrication of novel coupled microelectrode array
sensors and performing fundamental experiments to make sure the arrays are functioning
properly. A detailed step by step description of how to construct these instruments is
given in this chapter. The apparatus setup and the electrodeposition of Ni on the Cu
CMAS is discussed. The apparatus setup for all of the potentiodynamic experiments are
discussed also. The results from the redox reaction of Cu in potassium sulfate (K2SO4)
and the electrodissolution of the Ni coated CMAS in H2SO4 are detailed in this chapter.
In Chapter IV, several relevant conclusions are made about the objectives and
goals that were expected to be obtained. This chapter also describes the future work to be
performed on the Ni coated CMAS in order to expand the work performed in Chapter II.
Some additional goals is to study the periodic oscillations of other metals that have been
have been successfully electrodeposited on the Cu CMAS (Those results and
electrochemical studies will be presented in later works.).
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INVESTIGATION OF EXTERNAL FORCING METHODS TO ALTER Ni
OSCILLATIONS IN H2SO4
2.1

Introduction
Ni/H2SO4 oscillating systems are complex dynamic systems that exhibit a variety

of non-linear phenomena including bistability, periodic, and chaotic oscillations due to
the interaction of charge transfer chemical reactions, mass transfer, and parameter
(temperature, applied potential, pH, current, and etc.) effects.1-3 The development of
oscillations often not only depends on the proton concentration of the solution but also on
the external resistance added to the electrochemical system.3 The electrochemical
systems in which Ni and other metals that are studied are ideal systems since the
experiments have a good reproducibility, the level of internal noise is low, the period of
oscillations may be short or long, the behavior of the system can be measured by simple
voltage or current measurement, and the control parameter (current or potential) is easy to
attain.4
Complex dynamic systems similar to the Ni/H2SO4 oscillating systems presented
in this chapter have been intensively studied, starting in 1950 with Hoar and Mowat.1
Recent interest in these types of unique systems has been focused on externally forcing
Ni/H2SO4 oscillating systems in order to study the altered oscillations which are created
by variations in the applied potential or current.5 The overall goal is usually to stabilize or
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control the unstable steady states and oscillations in the dynamic systems. A plethora of
work that has been performed on Ni/H2SO4 oscillating systems in literature have achieved
this goal.1, 3, 6-10
Most of those electrochemical studies on Ni/H2SO4 oscillating systems in
literature illustrate experiments that were performed in 1 M and higher H2SO4
concentrations solutions (1 M, 3 M, 4.5 M, 6 M, 7 M, and 8 M) in order to form strong
oscillations (higher magnitudes, faster frequencies, and longer oscillatory state time
domains) during the analysis.3, 5, 7 The reasons for this is because many different kinds of
bifurcations (bifurcations seen in Figure 1.7) can form in high concentration solutions,
the oscillation frequency is easier to determine, and the system is easier to manipulate
[through for example, external forcing (resistance) or signal forcing (of frequency)]. On
the other hand, few electrochemical studies have been performed in lower concentration
H2SO4 solutions (0.3 M to 0.9 M) due to the formation of weak oscillations (lower
magnitudes, slower frequencies, and shorter oscillatory state time domains). The reasons
for this is because only a few bifurcations form, the frequency is harder to determine, and
the system is traditionally harder to manipulate [through for example external forcing
(resistance) or signal forcing (of frequency)].5, 7-8, 11-13
The disadvantages of performing electrochemical studies on low concentration
H2SO4 solutions can be used as an advantage if external forcing is performed by changing
the concentration of the solution at the Ni electrode surface. As a result of using this type
of external forcing, a better fundamental understanding of bifurcations could be achieved
by studying the few bifurcations (Hopf, saddle-node, and homoclinic) that occur in low
concentration H2SO4 solutions. Another advantage is that changes (magnitude and
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frequency) in the low concentration oscillating system that occur as a result of the
external forcing can be detected and manipulated easier than in the systems of higher
concentrations.
In order to better understand Ni/H2SO4 oscillating systems, fundamental
electrochemical studies have been performed on Ni single wire electrodes in low
concentration solutions. The first hypothesis guiding the work in this chapter is that the
surface of the Ni electrode is one of the major causes for shifts in the location of the
oscillations and different sizes of initial oscillations that may occur during CV
experiments. The surface was polished using two different techniques and continuous CV
experiments were performed to test the hypothesis. Photomicrograph images of the
surface were also taken before and after CV experiments to determine if the hypothesis
was true.
Another hypothesis guiding the work in this chapter is the idea that the proton
concentration of the solution in which the periodic oscillations are produced can be
changed (increased or decreased) through external forcing in order to affect the
amplitude, magnitude, frequency, and the onset and termination potential (or current) of
the periodic oscillations. It was also proposed that the results collected from consecutive
CV experiments where external forcing by changing the local chemical environment
(increasing proton concentration) at the Ni electrode in the Ni/ H2SO4 oscillating systems
would have the same trends as the results collected from CV experiments where the
H2SO4 concentrations is increased from 0.7 M to 1.3 M. Similar trends were also
proposed to be observed when comparing the results from consecutive CV experiments
where external forcing by changing the local chemical environment (decreasing proton
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concentration) and consecutive CV experiments where the H2SO4 concentrations was
decreased from 0.8 M to 0.3 M. If the proposed hypothesis are all proven to be true, then
modified CMAS (nickel coated CMAS) can be used to further study Ni/H2SO4 systems
by repeating external forcing experiments introduced in this chapter. Furthermore, a
whole range of new experiments could also be developed and studied by altering the
shape, setup, or metal material of the CMAS that are used during experiments where
external forcing is applied.
This chapter summarizes fabrication methods and procedures and experimental
results. The fabrication section gives a detailed description of how the nickel and
platinum electrodes were made. The electrochemical setup section gives a detailed
description and shows the experimental setup used to perform cyclic voltammetry
experiments on Ni/H2SO4 oscillating systems. The electrochemical procedures give a
detailed description of the procedures used to perform cyclic voltammetry experiments
on Ni/H2SO4 oscillating systems. The electrochemical experimental results section gives a
detailed description and shows the results acquired from studying periodic oscillating
systems in which the dissolution of Ni was analyzed in H2SO4 solutions by using one of
the following procedures:

2.2

1.

Running continuous CV sweeps (no added acid, base, or external forcing)

2.

Adding H2SO4 or NaOH to change the bulk solution concentration

3.

Externally forcing the system by applying anodic or cathodic current in
order to change the proton concentration at the Ni electrode surface.

Materials
Chemicals used include: sodium hydroxide (97.0%, Fisher Scientific), sulfuric

acid (96.0% J.T. Baker Chemicals), and potassium sulfate (99.0 %, Sigma Aldrich).
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Epoxy Resin was purchased from Miller-Stephenson. Triethylenetetramine (TETA)
hardener mixture was purchased from Dow Chemical Company. Pure nickel wire (99.95
%, 500 μm diam) was purchased from Kurt J. Lesker Company. Platinum wire (99.95 %,
300 μm diam) was purchased from World Precision Instruments. Graphite carbon rods
were purchased from Ted Pella Inc. A peristaltic liquid pump with silicone tubing was
purchased from RoboShop.com. 18 MΩ-cm de-ionized water (DIW) (NANOpure
Infinity, Barnstead/Thermolyne) was used to prepare the solution for all experiments.
2.3
2.3.1

Construction of Electrodes, Apparatus Setup, and Procedures
Nickel and Platinum Electrodes
A 500 μm diam Ni wire embedded in epoxy resin was used as the test electrode.

Construction of the electrode proceeded as follows. A Ni wire was electrically connected
to a Cu wire (33 gauge) by soldering. The soldered section of the Ni and Cu wire was
covered with insulating rubber tubing. The other end of the Ni wire (tip of the electrode)
was centered and positioned vertically with alligator clamps in a rubber septa mold with
the rest of the wire extending upwards. The rubber septa was filled with EPON 828
epoxy resin and triethylenetetramine (TETA) hardener mixture (8% by weight), cured in
the oven overnight at 30 °C, and cured at 150 °C for 6 h. The tip of the Ni electrode was
exposed by grinding with a horizontal grinding wheel and 240, 400, 800, and 1200 grit
SiC sandpaper. Distilled water was used as a lubricant to wash away the removed
material. Ultrasonic cleaning was used to clean the electrode surface.
A Pt electrode was constructed as follows. A 300 µm diam Pt wire was also
electrically connected to a Cu wire (33 gauge) by soldering the wires together and the
soldered section of the wire was covered with insulating rubber tubbing. The Pt end of
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the wire was placed in a glass capillary tube and the tip was sealed by heating it with a
gas torch (the Cu end of the wire extended out of the capillary tube). A glass puller was
used to heat the capillary tube until the tip became molten and stretched out with 1 to 2
mm of Pt wire encapsulated inside. The other end of the capillary tube was sealed with
epoxy. The tip of the Pt electrode was exposed by grinding with a horizontal grinding
wheel and 240, 400, 800, and 1200 grit SiC sandpaper. Then, the electrode was fine
polished with 15.0, 5.00, 3.00, 1.00, and 0.05 μm alumina slurries successively on
different polishing cloths. The Pt electrode was polished before and after each
electrochemical experiment.
2.3.2

Apparatus and setup
The apparatus setup for Ni CV experiments is shown in Figure 2.1. The

electrochemical cell consisted of a Teflon cup with a hole in the bottom in which to press
fit the test electrode. A 500 μm Ni test electrode worked as the working electrode (WE), a
silver/silver chloride (Ag/AgCl) electrode was used as the reference electrode (RE), and a
carbon rod served as the auxiliary electrode (Aux) during all electrochemical
experiments. 18.5 kΩ of resistance was connected in series between the Ni electrode and
potentiostat (Model 620A, CH Instruments). A 300 μm Pt electrode was used as the
external working electrode (Ex WE) and a carbon rod served as the external counter
electrode (Ex CE) for the external forcing experiments. The current source for the
platinum electrode was a home-built battery powered device.
During the electrochemical experiments, O2 and H2 bubbles were produced at the
Ni and Pt electrodes. A peristaltic pump was used to remove the bubble by solution flow.
The pump’s outlet hose was placed on the epoxy part of the electrode surface at a 30º
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angle, and 2 mm away from the Ni electrode. The pumps inlet hose was placed far away
from the Ni electrode surface.
If the Pt electrode was placed directly above the Ni electrode, then the O2 and H2
bubbles would get stuck between the two electrodes and cause the solution to not reach
the Ni electrode. As a result, the platinum electrode was placed 1 mm away (between the
peristaltic pump outlet hose and Ni electrode) from the Ni electrode and 1 mm above the
epoxy part of the electrode surface.

Figure 2.1

Complete cyclic voltammetry setup for external forcing experiments.

Note: A 500 μm Ni electrode (WE), Ag/AgCl (RE), and carbon rod (Aux) are used for all
of the experiments performed with the potentiostat. A 300 μm Pt electrode is used as the
external working electrode (Ex WE) and a carbon rod (Ex CE) was used for the floating
current source. Pt electrode positioned 1 mm behind the Ni electrode. The Ni electrode
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was connected in series with a 18.5 kΩ resistor. A peristaltic pump was used to circulate
the H2SO4 solution and was positioned 2 mm behind the Pt electrode.
2.3.3

Experimental Procedures
The Pt and Ni electrodes (with the exception of the Ni electrode during some of

the continuous CV sweeps) were polished and cleaned in the same way described in the
previous section before each experimental CV was performed. After the CV setup was
complete, 19.2 mL of H2SO4 (0.7 M, 0.8 M, or 2 M) was pumped into the cell and the
pump hoses. CVs were performed for the electrodissolution of Ni in H2SO4
electrochemical studies.
During all of the continuous CV sweep experiments, the Ni electrode was
polished and cleaned using one of two techniques in order to create rough or smooth
surfaces for analysis. The rough surfaces were created using the following technique. The
Ni electrode was rinsed with distilled water. Next the Ni electrode was polished with a
horizontal grinding wheel using 240 and 400 grit SiC sandpaper. Distilled water was used
as a lubricant to wash away the removed material. The smooth surfaces were created
using the following technique: The second technique consisted of using a horizontal
grinding wheel and 240, 400, 800, and 1200 grit SiC sandpaper to polish the Ni electrode
surface. Distilled water was also used as a lubricant to wash away the removed material.
The electrode was sonicated in distilled-deionized water to further clean the surface.
During the CV experiments where continuous sweeps (no added acid, base, or
external forcing), the H2SO4 concentration is increased, or the H2SO4 concentration is
decreased, the Pt electrode (Ex WE) and carbon rod (Ex CE) are removed from the
experimental setup that is seen in Figure 2.1. Because resistance (solution resistance,
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electrical resistance, and resistance between electrodes) is a crucial part of the periodic
oscillation formation (type, size, and location) during these electrochemical experiments,
all electrodes were positioned in the same exact place whenever they were used during
the CV experiments (Figure A.2b).
After all CVs experiments were performed, MATLAB R2015a software was used
to do all graphing and calculations with the exception for the calculated frequency (f)
which were done manually. The data from the CV experiments was first exported from
the CH Instrument 620A software to be analyzed in MATLAB R2015a. The procedures
for calculating the MATLAB frequency are as follows. Only the data points that were
collected right before and right after the onset of periodic oscillations was used to for the
analysis (for example, data points collected after the potential of 2.0 V was reached and
before 2.6 V was reached in Figure 1.5a). A detrend function was used to remove the line
trends found in the data. The Hann function was used as a window function in the digital
signal processing (MATLAB) to select a subset of the detrended data before performing a
Fourier transform. In order to validate that the frequencies were calculated correctly in
MATLAB, the frequencies of all CV were also calculated manually. The abs and max
functions were used to calculate the magnitude of the detrended data.
After the frequency and magnitude of all experiments were calculated in
MATLAB, the data was exported to Microsoft Excel. In Excel, the averages and relative
standard deviations of the MATLAB frequencies and MATLAB magnitudes were
calculated (Tables 2.7–2.9). T-tests (two-tailed, with equal variance) were performed on
the MATLAB frequencies and MATLAB magnitudes in order to determine if the data
results of replicated CV sweeps between rows (sweep to sweep) are tested against each
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other and a group of replicated CV sweeps for a particular experiment that is tested
against a group of replicated reference CV sweep experiments were statistically different
at the 95% confidence level (actual results not shown). T-tests were also performed to
compare the different experiments (increasing H2SO4, decreasing H2SO4, or external
forcing experiments) with a reference in order to determine if and when the MATLAB
frequencies and MATLAB magnitudes became statistically different.
2.3.4

Cyclic Voltammetry Instrumentation and Software
Experimental Cyclic voltammograms for the electrochemical studies of Ni in

different concentrations of H2SO4 was carried out by using a 620A CH Instrument
Electrochemical Analyzer. Data was collected using CH Instrument 620A software.
2.4
2.4.1

CV Experimental Results
Continuous CV experiments and Ni electrode surface observations
In this section, I show the results from the continuous CV sweeps that were

performed in order to determine exactly how the Ni/H2SO4 system affects the periodic
oscillations over time. Photomicrographs were also taken in order to help determine how
the Ni electrode surface affected the periodic oscillations over time.
Figure 2.2 shows an overlaid plot of the results from three out of the eight total
continuous CV sweeps. The CV sweeps experiments were continuous cyclic voltammetry
sweeps that were performed on a 500 μm Ni electrode (with a rough surface) in 2.0 M
H2SO4 with no added acid, base, or external forcing added to the system (only the
forward sweeps are shown for clarity). A 15 kΩ resister was attached in series with the Ni
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electrode. A Ag/AgCl electrode and a carbon rod were used as the reference and counter
electrode respectively. The scan rate was 10 mV/s.
The results of the overlaid forward continuous CV sweeps in Figure 2.2 show that
the Hopf bifurcation (for example, oscillations that occur around 1.95 V during sweep 1)
and homoclinic bifurcation (for example, oscillations that ended around 2.51 V during
sweep 1) shifted to higher potentials and current oscillation onsets and termination points
during the first initial cyclic sweep. A large active dissolution region (occurs between 0
and 1.0 V in Figure 2.2) was also observed during the initial the cyclic sweep.
After the initial cyclic sweep, the bifurcations shifted down to a lower current and
potential oscillation onset and termination points, and the active dissolution region
decreased in size (for example, sweep 2 in Figure 2.2). The active dissolution region
maintained the smaller size during every successive sweep. However, after the 2nd sweep,
the bifurcations steadily increased towards higher current and potentials during each
successive sweep. As a result of the shift in the bifurcations and the formation of the
large active dissolution region, continuous CV sweeps were performed in a lower
concentration of H2SO4 and photomicrographs were taken after using one of two different
polishing techniques (creating rough or smooth Ni electrode surface) in order to
determine if the large active dissolution region would consistently occur and to see if the
shifts in the bifurcations could be stopped or reduced (results discussed later in this
section).
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Figure 2.2

Forward sweeps only for CV of continuous sweeps in 2 M H2SO4

Note: A 500 μm Ni electrode (WE), Ag/AgCl (RE), and carbon rod (Aux) are used. Scan
rate was 10 mV/s. The Ni electrode was connected in series with a 15 kΩ resistor.
Figure 2.3 shows an overlaid plot of the results from eight continuous CV sweeps
that were performed on a 500 μm Ni electrode in 0.7 M sulfuric acid with no added acid,
base, or external forcing added to the system. The first polishing technique was used in
order to make the Ni electrode surface rough. A 18.5 kΩ resister was attached in series
with the Ni electrode. A Ag/AgCl electrode and carbon rod were used as the reference
and counter electrode respectively. The scan rate was 10 mV/s.
The results in Figure 2.3a show that the Hopf bifurcation and homoclinic
bifurcation also shifted to a higher potential and current oscillation onset and termination
points during the 1st initial cyclic sweep. A large active dissolution region was also
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observed during the initial cyclic sweep. After the initial cyclic sweep, the bifurcations
shifted down to a lower current and potential oscillation onset and termination point, and
the active dissolution region decreased in size. The active dissolution region maintained
the smaller size; however, the bifurcations started to steadily increase to higher current
and potentials onsets and termination points during every successive sweep. Figure 2.3b
shows the graph of the results from the detrended data that was created from the data of
the overlaid eight continuous CV sweeps in Figure 2.3a.
Figure 2.4a displays the results from the overlaid CV of eight continuous CV
sweeps that were performed on the Ni electrode after using the 2nd polishing technique.
The initial CV sweep occurred at a lower current and potential onset for periodic
oscillations than the initial CV sweep in Figure 2.3a. After the 1st CV sweep, the
bifurcations shifted to even lower current and potential onset and termination points. As a
result, the periodic oscillations almost disappeared (Figure 2.4b). During the 3rd CV
sweep, the oscillations did not shift much; however, the size of the oscillations decreased
almost four times than the oscillations that formed during initial CV sweep. During the
4th CV sweep, there was a significant shift in the bifurcations to higher currents and
potential onsets for the periodic oscillations. The oscillations nearly tripled in size as
well. During the last four CV sweeps, the bifurcations shifted steadily in the same fashion
as the last four CV sweeps that were performed in Figure 2.3a.
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Figure 2.3

CV of overlaid continuous sweeps for the dissolution on Ni with rough
surface

Notes: (a) Forward sweeps only for CV of continuous sweeps for the dissolution of Ni in
0.7 M H2SO4 (rough surface). (b) Detrended graph from data collected in Figure 2.3a
Notes: (a) Eight continuous CV sweeps (no added base, acid, or external forcing) for the
disolution of Ni in 0.7 M H2SO4. A 500 μm Ni electrode (WE), Ag/AgCl (RE), and
carbon rod (Aux) are used. The scan rate was 10 mV/s. The surface of the Ni electrode
only polished with 240 and 400 grit SiC sandpaper and rinsed with distilled water. Scan
rate was 10 mV/s. The Ni electrode was connected in series with a 18.5 kΩ resistor. (b)
Plot of detrended data for the eight linear sweeps during the disolution of Ni in 0.7 M
H2SO4.
Figure 2.4b shows the results of the detrended data that was created from the
continuous CV sweep data in Figure 2.4a. The oscillations significantly decreased in size
and amplitude during the 2nd and 3rd continuous CV sweeps. During the last five CV
sweeps the oscillations steadily increased in size and amplitude.
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Table 2.1 shows the data results collected from eight continuous CV sweeps
(three overlaid continuous CV sweeps in Figure 2.2 included) that were performed on a
500 μm Ni electrode (rough or smooth surface) in 0.7 M and 2.0 M sulfuric acid. The
oscillations peaks were manually counted to calculate the total number of oscillation
peaks. The 1st oscillation peak was the 1st full oscillation (The maximum current between
the first two troughs of oscillation peaks) that was observed in detrended data results
(graph of detrended data not shown for continuous CV sweeps in 2.0 M sulfuric acid).
The last oscillation peak was determined by using the same process used to determine the
1st oscillation peak. Hopf bifurcation occurs at the first oscillation peak and homoclinic
bifurcation causes the periodic oscillation peak to terminate. The width of the oscillation
regions were calculated by subtracting the potential at which the 1st oscillation peak
occurs from the potential at which the last oscillation peak occurs and then converting
that number to millivolts. The calculated frequencies were calculated manually. The
MATLAB frequencies and MATLAB magnitudes were calculated using the process
described in section 2.3.3.
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Figure 2.4

CV of overlaid continuous sweeps for the dissolution on Ni with smooth
surface

Note: (a) Forward sweeps only for CV of continuous sweeps for the dissolution of Ni in
0.7 M H2SO4 (smooth surface). A 500 μm Ni electrode (WE), Ag/AgCl (Ref), and carbon
rod (Aux) are used. The scan rate was 10 mV/s. The surface of the Ni electrode only
polished with 240, 400, 800, and 1200 grit SiC sandpaper and rinsed with distilled water.
Ultrasonic cleaning was employed to clean the electrode surface. The Ni electrode was
connected in series with a 18.5 kΩ resistor. (b) Plot of detrended data for the continuous
CV sweeps during the disolution of Ni in 0.7 M H2SO4.
The results for CV sweeps in 2.0 M H2SO4 in Table 2.1 show that the potential at
which the 1st oscillation occurs during the 1st CV sweep changes (the oscillations shifts to
lower potential onsets and termination points during the 2nd CV sweep). The potential at
which the oscillations occurred and terminated steadily increased during the last six CV
sweeps. The width of the oscillation region increased during the 1st five CV sweeps and
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then decreases during the last three CV sweeps. The decrease in width is due to the
bifurcations shifting to higher potentials and the periodic oscillations continuing past the
highest potential of the sweep range (0 V to 3.0 V). The MATLAB frequencies and
manually calculated frequencies fluctuate up and down throughout the eight continuous
CV sweeps. Therefore, no consistent trend is observed in the results. However, there was
an overall increase in magnitude over time as the eight continuous CV sweeps that were
performed.
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0.333
0.319
0.314
0.317
0.317

0.649

0.604

0.654

0.653

0.655

Sweep 3

Sweep 4

Sweep 5

Sweep 6

Sweep 7

Sweep 8

0.702

0.707

0.701

0.696

0.749

0.307

0.307

0.302

0.279

0.325

0.346

0.309

0.285

0.301

0.299

0.408

0.390

1.00E-03

1.30E-03

1.00E-03

1.20E-03

9.07E-04

8.69E-04

8.24E-04

2.95E-04

2.72E-04

1.97E-04

1.55E-04

1.08E-04

8.91E-05

8.69E-05

2.45E-04

2.06E-04

2.28E-04

1.63E-04

4.05E-05

1.30E-05

N/A

MATLAB Magnitude
0.7 M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
7.91E-04 1.39E-04
5.68E-05

Note: Calculated frequencies were calculated manually. The scan rate was 10 mV/s during the CV experiments that were performed to obtain the data results
in which these results were calculated from.

0.285

0.319

0.403

0.293

0.409

0.417

0.745

0.363

0.646

Sweep 2

N/A

0.753

0.367

0.647

Sweep 1
0.345

MATLAB Frequency (Hz)
0.7 M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
0.700
0.295
0.348

Calculated frequency (Hz)
0.7M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
0.599
0.318
0.361

Sweep 1
Sweep 2
Sweep 3
Sweep 4
Sweep 5
Sweep 6
Sweep 7
Sweep 8

N/A

Onset of Oscillation (V)
0.7 M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
2.01
2.09
2.02
1.85
2.06
2.00
1.88
2.10
2.01
1.94
2.11
2.07
2.09
2.17
2.09
2.13
2.14
2.11
2.18
2.12
2.14
2.17
2.14
2.15

Total Number of Oscillation Peaks
0.7 M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
36
8
7
43
9
7
45
8
7
47
8
8
54
10
9
57
10
12
54
12
10
52
12
11

Width of Oscillation Region (mV)
0.7 M H2SO4 0.7 M H2SO4
2 M H2SO4
(rough)
(smooth)
584
220
166
649
218
90
681
193
144
709
210
171
877
282
273
856
287
337
812
347
282
779
347
351

The collected and calculated data from the plots of the continuous CV sweeps in 0.7 M and 2 M H2SO4

Table 2.1
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In Table 2.1, the results collected from the plot of the overlaid CVs of eight
continuous linear sweeps on a Ni electrode (rough surface) in 0.7 M sulfuric acid can also
be seen. The results show that the potential at which the 1st oscillation occurs during the
1st continuous CV sweep drops to lower potentials during the 2nd CV sweep. The
potential and current onset and termination point fluctuates during the last six CV
sweeps. The width of oscillation regions increases during the 1st five CV sweeps and then
decreases during the last three CV sweeps. The MATLAB frequencies fluctuate up and
down during the eight continuous CV sweeps. No consistent trends are observed. On the
other hand, the calculated frequencies increase during the 2nd continuous CV sweep and
steadily decrease for the next four continuous CV sweeps before an increase is seen. The
MATLAB magnitude decreased after the initial continuous CV sweep, and steadily
increased during the last six CV sweeps.
The last set of results displayed in Table 2.1 are the results from CV sweeps in 0.7
M H2SO4 after using type two technique for polishing and cleaning the Ni electrode
surface (smooth). The potential at which the first oscillations peak occurs flucuates
during the 1st three continuous CV sweeps and started to steadily increased during the
next three continuous CV sweeps. The width of the oscillation region fluctuates during
the 1st three sweeps, steadily increased during the next three continuous CV sweeps, and
flucuated during the last two sweeps.There was also no steady trend found in both the
MATLAB frequency and calculated frequency data. However, the MATLAB frequency
and MATLAB magnitude for the second sweep was so low that it could not be accurately
calculated by MATLAB. Both the MATLAB frequency, calculated frequency, and
MATLAB magnitude increased significatly during the 3rd continuous CV sweep and
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started to steadily increased during the last five continuous CV sweeps . The overall
results in Table 2.1 for CV sweeps performed on a smooth surface Ni electrode in 0.7 M
H2SO4 validate the obsevations observed in Figure 2.4a and 2.4b.
Micrographic observations of the Ni electrode surface were performed (Model
BH2-UMA, Olympus Corp., Lake Success, NY) to see how much the Ni electrode
surface changed before and after CV experiments (The CV sweeps that were performed
before each micrograph observation are not shown). Figure 2.5 shows the
photomicrographs of the Ni electrode surface that were taken before the continuous CV
sweeps were performed (Figure 2.5a and 2.5b), after one continuous CV sweep (Figure
2.5c and 2.5d), and after 10 continuous CV sweeps (Figure 2.5e and 2.5f). The
micrographs indicate that over time the well-defined grooves on the Ni surface corrode
away and the surface becomes very rough.
Higher magnification photomicrographs of the Ni electrode surface
(photomicrographs are of the same electrode in Figure 2.5a-2.5f) before the initial CV
sweep (Figure 2.6a), after the first CV sweep (Figure 2.6b), and after 10 continuous CV
sweeps (Figure 2.6c) are shown in Figure 2.6. After taking a closer look at the Ni surface,
it was determined that the rough spots that formed on the Ni electrode surface were
actually pits that formed from non-uniform pitting corrosion. Initially, only a few
corrosion pits are formed on the surface, and they are too small to cause major shifts in
the Hopf bifurcation and Homoclinic bifurcation (Figure 2.6a). After the 1st cyclic sweep,
larger corrosion pits form and nickel debris is stuck to the nickel surface (Figure 2.6b).
The grooves of the Ni electrode start to deteriorate as a result of higher anodic potential
being applied to the Ni electrode in the acidic environment. After 10 continuous CV
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sweeps, corrosion pits that are three times as big as the pits formed after the 1st cyclic
sweep are formed in several spots on the surface. Interestingly, the corrosion pits that
were even smaller than the smallest corrosion pit labeled in Figure 2.6c formed all over
the surface of the electrode. These small pits may have the greatest influence on the
periodic oscillations.
The results in this section show that the large active dissolution region occurs
during the 1st CV sweep when the Ni electrode surface is rough or smooth. The active
dissolution region also decrease in size and maintained that same size during the last
seven continuous CV sweeps when the surface was rough or smooth. The shifts in the
bifurcations to higher potential and current onset and termination points will also occur
when the Ni electrode surface is rough or smooth. However, a smaller shift is seen
between the 2nd and 3rd continuous CV sweeps when the Ni electrode surface is smooth.
As a result, the CV experiments performed in the following sections were done by
using the following procedures. The second polishing technique that was described in
section 2.3.3 was always used on the Ni electrode. Only three continuous CV sweeps
were performed at one time. The 1st continuous CV sweep was not used. Instead, the 2nd
continuous CV sweep is used as the initial CV sweep and the data from the third CV
sweep was collected and analyzed in MATLAB. After the three continuous CV sweeps
(for example, the CV sweep of the Ni dissolution in 0.7 M H2SO4 that is seen in Figure
2.7) were performed, the solution was collected in a beaker and the Ni electrode was
repolished by using technique two. Next the electrochemical cell and peristaltic pump
hoses were refilled with the same solution, and three more continuous CV sweeps were
performed after changing the concentration of solution (for example, adding enough extra
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sulfuric acid to change 0.7 M H2SO4 to 0.8 M H2SO4) or externally forcing the system to
change during CV sweeps. This was done in order to make sure that the electrode surface
and bifurcation shifts had no significant effects on the results during the CV experiments.

Figure 2.5

Photomicrographs of Ni surface before and after cyclic voltammetry
experiments in 0.7 M H2SO4

Note: (a)-(b) before experiments; (c)-(d) after initial sweep; (e)-(f) after 10 sweeps The
surface of the Ni electrode only polished with 240, 400, 800, and 1200 grit SiC sandpaper
and rinsed with distilled water. Ultrasonic cleaning was employed to clean the electrode
surface.
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Figure 2.6

Photomicrographs of pitting corrosion on the Ni electrode surface in 0.7 M
H2SO4:
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Figure 2.6 (continued)
Note: (a) before CV sweeps, (b) after one CV sweep, and (c) after 10 CV sweeps
Photomicrographs are higher magnification images of the images seen in Figure 2.5. A
500 μm Ni electrode (WE), Ag/AgCl (Ref), and carbon rod (Aux) are used. The scan rate
was 10 mV/s. The surface of the Ni electrode only polished with 240, 400, 800, and 1200
grit SiC sandpaper and rinsed with distilled water. Ultrasonic cleaning was employed to
clean the electrode surface.
2.4.2

Increasing the H2SO4 concentration during CV experiments
This section shows the results from performing consecutive CV sweeps where the

bulk concentration of the H2SO4 solution is increased in increments of 0.1 M through the
addition of 107 µL of 18 M H2SO4 at the beginning of the forward cyclic sweep. (Each
consecutive CV sweep is actually the three continuous sweeps that were described in the
previous section. They are called consecutive CV sweeps because only one concentration
of solution (for example, 0.9 M H2SO4) is used during the three continuous CV sweeps or
only one amount of anodic or cathodic current (for example, 8 mA of anodic current) is
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applied to the system during the three continuous CV sweeps (anodic and cathodic
current used in later sections). Furthermore, only data from 2nd sweep of the three
continuous CV sweeps is collected and analyzed.
A 18.5 kΩ resister was attached in series with the Ni electrode. A Ag/AgCl
electrode and carbon rod were used as the reference and counter electrode respectively.
The scan rate was 10 mV/s. In order to make sure results in each graph was clearly
understood, only four overlaid CV sweeps are shown.
Figure 2.7a shows the results from the overlaid forward sweeps for the CV of
periodic oscillations that formed during the dissolution of Ni as the concentrations of
H2SO4 was increased. The potentials at which the oscillations occur are relatively close to
each other. The termination of the oscillations at higher potentials is also seen as
concentration is increased. (for example, from 0.7 M to 0.8 M in Figure 2.7a). This is
mainly due to the fact that higher concentration H2SO4 solutions produce stronger
oscillations that last longer. In Figure 2.7b, overlaid plots of the results from the
detrended data that was calculated from the overlaid forward sweeps CV data in Figure
2.7a are seen. The graph of the results shows an increase in the amplitude and magnitude
of the periodic oscillations as the concentration of H2SO4 was increased. The onset
potential of Hopf bifurcation is also relatively close in each consecutive CV sweeps.
Table 2.2 shows the data that was collected from the consecutive CV sweeps that
were analyzed in H2SO4 solutions (0.7 M to 1.3 M). The onset potential at which the 1st
oscillation peak in 0.7 M H2SO4 occurs is close to the onset potential at which the 1st
oscillation peak in 1.3 M H2SO4 occurs. The width of the oscillation region expands and
homoclinic bifurcation location changes as higher potentials and current are reached as a
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result of the increasing H2SO4 concentration solution that was used during consecutive
CV sweeps. Furthermore, the homoclinic bifurcation of the periodic oscillation for the
CV experiments in 1.1 M to 1.3 M H2SO4 extended beyond the 0.0 V to 3.0 V potential
range of in all of the CVs that were performed. As a result, the magnitudes for MATLAB
and width of oscillations regions in Table 2.2 are only accurate in reference to the
periodic oscillations that occurred before the potential of 3.0 V is reached.
In Table 2.2, no consistent trend is found in the calculations of the width of
oscillation regions produced during the CV experiments. A decrease in the frequency was
seen in the MATLAB data for the concentration of H2SO4 solution between 0.7 M and
0.8 M. An increase in frequency occurred during every consecutive CV sweep performed
in higher H2SO4 concentrations. With the exception of the calculated frequencies for the
CV of Ni in 0.8 M H2SO4 and 0.9 M H2SO4 solutions, all calculated frequencies show the
same increasing trends as MATLAB frequencies for the periodic oscillations. The
magnitudes steadily increased as the concentrations were increased during each CV
experiment. These graphs and calculations in these experiments were used as guidelines
for determining what was to be expected during the external forcing experiments were
anodic current is applied by a 300 µm diam Pt electrode to a Ni/H2SO4 system in order to
change the proton concentration at the Ni electrode surface.
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Figure 2.7

Forward sweeps for CV when acid is increased

Note: (a) Linear Sweeps for the disolution of Ni in increasing concentrations of H2SO4
solution (0.7 M to 1.0 M). A 500 μm Ni electrode (WE), Ag/AgCl (RE), and carbon rod
(Aux) are used. Scan rate was 10 mV/s. The Ni electrode was connected in series with a
18.5 kΩ resistor. (b) Plot of detrended data for the linear sweeps data collected during the
dissolution of Ni in increasing concentrations of H2SO4 solution (0.7 M to 1.0 M).
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Concentration
during Linear
CV Sweeps

The collected and calculated data from the results of the linear sweeps for Ni dissolution in increasing concentrations of

H2SO4 solution (0.7 M to 1.0 M) during CV experiments.

Total
Onset
Width of
Calculated MATLAB
MATLAB
Number of Oscillation Oscillation frequency Frequency
Magnitude
Oscillation
Peak
Region
(Hz)
(Hz)
Peaks
(V)
(mV)
12
2.01
312
0.354
0.331
1.58E-04
0.7 M H2SO4
14
1.99
360
0.361
0.319
1.98E-04
0.8 M H2SO4
21
1.92
558
0.358
0.385
2.60E-04
0.9 M H2SO4
17
2.01
517
0.310
0.399
2.71E-04
1.0 M H2SO4
22
2.00
508
0.413
0.448
4.67E-04
1.1 M H2SO4
25
2.01
545
0.440
0.476
6.60E-04
1.2 M H2SO4
17
2.02
325
0.492
0.497
5.15E-04
1.3 M H2SO4
Note: Calculated frequencies were caculated manually. The scan rate was 10 mV/s during the CV experiments that were performed
to obtain the data results in which these results were calculated from.

Table 2.2

64

2.4.3

Decreasing of H2SO4 concentration during CV experiments
In this section, I show results from performing consecutive CV sweeps where the

bulk concentration and pH of the H2SO4 solution is decreased in increments of 0.1 M
respectively through the addition of 250 µL of 13.5 M NaOH at the beginning of the
forward cyclic sweep (The pH change is not shown). The procedures used and
electrochemical cell setup were discussed in previous sections.
Figure 2.8a shows the overlaid forward sweeps for the consecutive CV of periodic
oscillations that formed during the dissolution of Ni as the concentrations of H2SO4 was
decreased from 0.8 M to 0.5 M in increments of 0.1 M. The onset potential and currents
of the Hopf bifurcation shifts to higher potentials as the concentration of H2SO4 decrease
from sweep to sweep. On the other hand, the termination point of the oscillations at
which homoclinic bifurcation occurs is relatively the same as the concentrations of
H2SO4 solution was decreased from 0.8 M to 0.5 M. In Figure 2.8b, the results of the
detrended data from the consecutive CV of the forward sweeps during the dissolution of
Ni in the decreasing of H2SO4 concentrations at a scan rate of 10 mV/s are seen. Figure
2.8b also shows the same shifts in the Hopf and homoclinic bifurcations that are seen in
Figure 2.8a. In Figure 2.8a and 2.8b, the graphs show that the amplitude of the periodic
oscillations decrease with decreasing H2SO4 concentrations (for example, 0.6 M to 0.5 M
H2SO4 in Figure 2.8a and 2.8b).
Table 2.3 shows the data that was collected from the consecutive CV sweeps (2nd
sweep of three continuous sweeps) that were performed in 0.8 M to 0.3 M H2SO4
solutions. A steady increase in potential of the 1st oscillation onset of potential (Hopf
bifurcation) is seen as the concentration of H2SO4 solutions is decreased. The opposite
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trend is observed for the width of oscillation regions and homoclinic bifurcation locations
as the concentration of H2SO4 solutions is decreased. The width of the oscillations
regions in which periodic oscillation occur decrease as the concentration of H2SO4
solutions is decreased. The MATLAB frequencies, calculated frequencies, and MATLAB
magnitude decrease steadily as the concentration of H2SO4 solutions decreases. It is
important to note that the frequency starts to increase at extremely low concentrations
because the oscillations are further apart at lower amplitudes, and only a few oscillations
occur for very short periods of time. Also, the flucuations or sudden decreases in
frequency and magnitude that are seen in the results of the consecutive CV sweeps may
be due to slight difference in the smoothness of the Ni electrode during those particular
CV sweeps.
The graphs and data results from the consecutive CV experiments in this section
were used as guidelines for determining what was to be expected during the external
forcing experiments where cathodic current is applied by a 300 µm Pt electrode to a
Ni/H2SO4 oscillating system in order to change the proton concentration at the Ni
electrode surface.
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Figure 2.8

Forward sweeps for CV of Ni in H2SO4 when NaOH is added

Note: (a) Linear sweeps for the dissolution of Ni in 0.8 M to 0.5 M H2SO4 solution via
NaOH being added to the solution. A 500 μm Ni electrode (WE), Ag/AgCl (RE), and
carbon rod (Aux) are used. Scan rate was 10 mV/s.The Ni electrode was conneceted in
series with a 18.5 kΩ resistor. (b) Plot of detrended data for the linear sweeps data
collected during the dissolution of Ni in 0.8 M to 0.5 M H2SO4 solution.

67

Concentration
during Linear
CV Sweeps

The collected and calculated data from the plots of the linear sweeps for the Ni dissolution in 0.8 to 0.3 M H2SO4
solution during CV experiments

Total
Onset
Width of
Calculated
MATLAB
MATLAB
Number of
Oscillation
Oscillation
Frequency
Frequency
Magnitude
Oscillation
Peak
Region
(Hz)
(Hz)
Peaks
(V)
(mV)
0.8 M H2SO4
15
1.88
413
0.339
0.292
2.09E-04
0.7 M H2SO4
13
1.94
373
0.322
0.281
2.13E-04
0.6 M H2SO4
11
1.97
322
0.311
0.268
1.81E-04
0.5 M H2SO4
7.0
2.05
192
0.313
0.289
3.28E-05
0.4 M H2SO4
5.0
2.05
102
0.392
0.000
0.00
0.3 M H2SO4
0.0
0.00
0.00
0.000
0.000
0.00
Note: Calculated frequencies were caculated manually. The scan rate was 10 mV/s during the CV experiments that were performed
to obtain the data results in which these results were calculated from.

Table 2.3
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2.4.4

External forcing with anodic currents during CV experiments
This section shows results from performing consecutive CV experiments where

external forcing occurs by applying anodic current (6 mA – 10 mA) to a 300 µm Pt
electrode in order to increase the proton concentration around the Ni electrode surface
Possible mechanisms for the oxidation reaction that occurs as anodic current is applied to
the Pt electrode are seen in equation 2.1. (The Ni electrode produces oxygen and
hydrogen gas as an anodic potential is applied.) The procedures used and electrochemical
cell setup were discussed in previous sections.
2𝐻2 O ⇌ 𝑂2 + 4𝐻 + + 4𝑒

E = 1.290 V

(2.1)

Figure 2.9a shows the results of the overlaid forward CV sweeps in which
periodic oscillations formed during the dissolution of Ni as the proton concentration was
changed at the Ni surface via external forcing with a 300 µm Pt electrode wire. Anodic
currents from 6 mA through 10 mA were applied to the external Pt electrode that was
powered by a floating current source. The external current was not applied until the
potential of the Ni electrode approached 1.75 V during each forward cyclic sweep. This
was done in order to make sure that the passivated Ni surface would not spontaneously
produce extra nickel oxide, thus interfering with the initial onset and size of the periodic
oscillations that were produced. It is important to note that the active dissolution region
of the CV sweep where 10 mA of anodic current is applied to the system was larger than
all of the previous CV sweeps. This could be due to a slight difference in the smoothness
of the Ni electrode surface.
In Figure 2.9b, the results from the overlaid plots of the detrended data that was
calculated from the overlaid forward CV sweeps data collected during external forcing
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(anodic current) are seen. The results in Figure 2.9a and 2.9b indicate that the amplitude
of the oscillations increase as larger anodic currents are applied. The location and onset
potential of Hopf bifurcations are determined by the amount of external current applied
and the potential at which the external current was applied to the system. Those same
factors affect the location of the last oscillation peak and the location of the homoclinic
bifurcation. Nevertheless, the results show that the homoclinic bifurcation and the last
oscillation peak shift towards higher potential as a result of the larger applied anodic
current during consecutive CV sweeps.
Table 2.4 shows the data results that were collected from the detrended CV data
in Figure 2.9b. The potential at which the first oscillation peaks occur as a larger anodic
current is applied to the Ni/H2SO4 oscillating system during consecutive CV sweeps. The
width of the oscillation region appear to steadily increase during consecutive CV sweeps
as the the amount of anodic current was increased. The calculated frequencies did the
oposite and decreased as the anodic current was increased. With the exception of one
outliner, the MATLAB frequencies followed the same trend as the caculated frequency.
The MATLAB magnitude steadily increases to a maximum at 7 mA and then drops to
lower magnitude before it starts to increase again. The flucuations and sudden decreases
that are seen in the results may be due to slight difference in the smoothness of the Ni
electrode and not starting floating current source that was used to apply external forcing
with a 300 µm Pt electrode at the exact same potential.
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Figure 2.9

Forward sweeps for CV when anodic current is applied

Note: a) External forcing of linear sweeps during the disolution of Ni in 0.7 M M H2SO4 .
A 500 μm Ni electrode (WE), Ag/AgCl (RE), and carbon rod (Aux) are used. The scan
rate was 10 mV/s. The Ni electrode was connected in series with a 18.5 kΩ resistor. A
300 μm Pt wire (Ex WE) and carbon rod (Ex CE) was used. The 300 μm Pt wire applied
8 mA to 10 mA of anodic current to the Pt electrode (wire). b) Plot of detrended data for
the linear sweeps during the disolution of Ni in 0.7 M H2SO4 as different amounts of
anodic current was applied to the system.
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The collected and calculated data from the results of external forcing by applying anodic current

Applied Current
Total
First
Width of
Calculated MATLAB MATLAB
During CV
Number of Oscillation Oscillation frequency Frequency Magnitude
Sweeps in 0.7
Oscillation
Peaks
Region
(Hz)
(Hz)
M H2SO4
Peaks
(V)
(mV)
0 mA
6
1.84
127
0.394
0.359
8.81E-06
6 mA
6
1.91
133
0.376
0.332
4.11E-05
7 mA
7
1.95
165
0.364
0.380
2.83E-04
8 mA
10
1.80
277
0.325
0.315
1.56E-04
9 mA
9
1.85
260
0.308
0.283
1.65E-04
10 mA
11
1.89
328
0.305
0.284
2.20E-04
Note: Calculated frequencies were caculated manually. The scan rate was 10 mV/s during the CV experiments that were performed
to obtain the data results in which these results were calculated from.

Table 2.4
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2.4.5

External forcing with cathodic currents during CV experiments
In this section, I show the results from performing consecutive CV sweeps where

external forcing occurs by applying cathodic current (3 – 8 mA) to a 300 µm Pt electrode
in order to lower the proton concentration around the Ni electrode surface (reaction for
reduction in equation 2.2). The procedures used and electrochemical cell setup were
discussed in previous sections.
2𝐻 + + 2𝑒 ⇌ 𝐻2

E =0.0116 V

(2.2)

Figure 2.10a shows the results of the overlaid forward CV sweeps in which
periodic oscillations formed during the dissolution of Ni as the proton concentrations was
changed at the Ni surface via external forcing. External forcing was applied with a 300
µm Pt electrode wire. The floating current source controlled the cathodic current (3 mA,
6 mA, and 7 mA) that was applied through the Pt electrode. The Pt electrode was turned
on between the potentials of 1.5 V to 1.6 V during each cyclic sweep. This was done for
the same reasons discussed in the previous section. In Figure 2.10b, the results show the
overlaid plots of the detrended data that was calculated from the overlaid forward CV
sweeps data collected during external forcing (cathodic current). The results show a
steady decrease in the amplitude of the oscillations as the cathodic current is increased
during each consecutive CV sweeps. As the cathodic current is increased, a shift in the
bifurcations towards higher currents and lower potentials occurs.
Table 2.5 shows the data that was collected from the consecutive CV sweeps that
were analyzed for the effects of external forcing with cathodic currents (3 mA, 3.5 mA, 4
mA, 6 mA, 7 mA, and 8 mA). The potential at which the first oscillation peak or Hopf
bifurcation occurs is relatively close during all of the consecutive CV sweep experiments
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in which cathodic current is applied to the Pt electrode tip. The MATLAB frequencies
and the calculated frequencies are also relatively close. However, the width of the
oscillation regions and the MATLAB magnitudes fluctuate from CV sweep to CV sweep.

Figure 2.10

Forward sweeps for CV when cathodic current is applied

Note: a) A 500 μm Ni electrode (WE), Ag/AgCl (RE), and carbon rod (Aux) are used.
The scan rate was 10 mV/s. The Ni electrode was conneceted in series with a 18.5 kΩ
resistor. A 300 μm Pt wire (Ex WE) was used to apply 3 mA, 6 mA, 7 mA of cathodic
current to the Pt electrode (wire). A carbon rod (Ex CE) was also used. b) Plot of
detrended data for the cathodic external forcing during the disolution of Ni in 0.7 M
H2SO4 experiments..
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The collected and calculated data from the results of external forcing when cathodic current is applied

Applied Current
Total
First
Width of
Calculated MATLAB MATLAB
During CV
Number of
Oscillation Oscillation frequency Frequency Magnitude
Sweeps in
Oscillation
Peaks
Region
(Hz)
(Hz)
0.7M H2SO4
Peaks
(V)
(mV)
0.0 mA
8
1.82
197
0.355
0.332
8.68E-05
3.0 mA
7
1.81
172
0.349
0.332
3.78E-05
3.5 mA
6
1.87
144
0.347
0.348
2.53E-05
4.0 mA
6
1.85
136
0.368
0.332
5.96E-05
6.0 mA
7
1.93
186
0.323
0.339
3.69E-05
7.0 mA
6
1.89
152
0.329
0.306
9.92E-06
8.0 mA
6
1.82
140
0.357
0.332
6.94E-06
Note: Calculated frequencies were caculated manually. The scan rate was 10 mV/s during the CV experiments that were performed
to obtain the data results in which these results were calculated from.

Table 2.5
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2.5

Statistical data for the frequency and magnitude of the periodic oscillations
In this section, I statistically analyze the data from all the experiments, with the

exception of eight continuous CV sweeps on a Ni wire electrode (with a rough surface) in
0.7 M H2SO4 solution performed in sections 2.4.1 through 2.4.5. The results of analysis
provide the evidence needed to show that the data results for MATLAB frequencies and
MATLAB magnitudes presented in this chapter are statistically the same when the CV
experiments are repeated several times. The results also indicate the point at which any
statistical differences can be first seen in the MATLAB frequencies and MATLAB
magnitudes results for the data sets when they are compared to a standard reference.
The procedures and analysis process for calculating the MATLAB frequencies
and MATLAB magnitude were described earlier in this chapter. The experiments for the
eight continuous CV sweeps that were performed in 0.7 M and 2.0 M H2SO4 solutions
were repeated four times each and all of the other experiments in this chapter were
repeated three times each. Only the results for one out of the four repeated experiments
are shown for the runs of eight continuous CV sweeps that were performed in 0.7 M and
2.0 M H2SO4 solution in Section 2.4.1. Only the results for one out of the three repeated
CV experiments are shown for the increasing and decreasing of H2SO4 concentration and
external forcing with anodic and cathodic currents experiments in sections 2.4.2 – 2.4.5.
In order to validate the data results obtained from the CV sweeps performed on
Ni/H2SO4 oscillating systems, statistical analysis have been performed. The analysis
consisted of calculating the averages and relative standard deviations (RSD) of the
MATLAB frequencies and magnitudes from replicated CV experiments. Two-tailed t-test
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were also performed on all of the actual MATLAB frequency and magnitude results from
the replicated CV experiments.
The first hypothesis guiding the work in this section is that the MATLAB
frequencies and MATLAB magnitudes of replicated experiments will not show any
statistical differences from sweep to sweep during a particular experiment. The 2nd
hypothesis guiding the work in this section is that there will be no statistical differences
found when comparing a particular sweep of several replicated experiments to the
reference sweep (sweep 2 in 0.7 M H2SO4) of replicated experiments. Sweep 2 of the
continuous CV sweeps experiments in 0.7 M H2SO4 was chosen as the reference sweep
because replicated CV experiments in 0.7 M H2SO4 produced similar results consistently
during that particular sweep. Furthermore, the main experiments of interest (external
forcing experiments) were also performed in 0.7 M H2SO4. 2 M H2SO4 was not used as a
reference because the proton concentration at the Ni electrode surface could not be
changed enough to see any significant change in magnitudes or frequencies during the
main experiments of interest. Lower concentrations are easier to manipulate in this case.
The 1st null hypothesis tested was that the MATLAB frequencies and MATLAB
magnitudes results of particular replicated experiments will show statistical differences
from sweep to sweep. The 2nd null hypothesis tested was that the MATLAB frequencies
and MATLAB magnitudes collected from a particular sweep of replicated CV
experiments will be statistically different when compared to reference CV sweeps of
replicated experiments. Both null hypothesis were tested by performing two-tailed t-test
(at the 95% confidence level, with equal variance) in Microsoft Excel. The actual results
for the t-test are not shown. In the following tables, symbols are used to represent the
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results found. Two superscripted asterisks (*,*) represents significant differences that were
found after testing the 1st and 2nd null hypothesis. The 1st superscripted asterisk followed
by a dash (*,–) represents a significant differences was only found after testing the 1st null
hypothesis. A dash followed by the 2nd superscripted asterisk (–,*) represents a significant
difference that was only found after testing the 2nd null hypothesis. The 1st superscripted
asterisk is always placed beside the averaged MATLAB frequency or MATLAB
magnitude that was collected from a CV sweep of a particular experiment in a certain
concentration that was being tested against the next increasing or decreasing
concentration CV experiment, continuous CV sweep, or external forcing experiment in
the series (e.g. testing MATLAB frequency data results of CV sweeps in 0.8 M H2SO4
against the results from CV sweeps performed in 0.9 M H2SO4 or testing MATLAB
magnitude data results from the 5th CV sweep against the results from 6th CV sweep that
was collected during continuous CV sweep experiments in 0.7 M H2SO4).
Table 2.6 can be used to illustrate how the two-tailed t-test was performed on
frequency data results for consecutive CV sweeps performed in increasing H2SO4
concentrations (0.7 M to 1.3 M). For example, the two-tailed t-test (at the 95% confidence
level, with equal variance) were performed comparing frequency and magnitude for the
CV sweeps in 0.7 and 0.8 M H2SO4 (1st and 2nd row of Table 2.6) of all three replicate
experiments in order to test the 1st null hypothesis. Likewise, successive pairs of
concentrations were tested (e.g. 0.8 M vs 0.9 M, 0.9 vs 1.0 M, etc, and finishing with testing
1.3 M with 0.7 M).
Additionally, a similar process was used to test the 2nd null hypothesis. Here the 2nd
sweep of the series of 8 sweeps performed in 0.7 M H2SO4 was used as a reference sweep.
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All the other sweeps, at the same concentration, were tested against it. The same two-tailed
t-test would be performed on the 2nd row (sweep 2) of replicated continuous CV sweeps in
0.7 M H2SO4 and the rest of the rows in Table 2.6. Any statistical differences that were
found are seen in Table 2.7 (represented by symbols previously described).
Table 2.6

MATLAB frequencies for replicated increasing H2SO4 concentration CV
experiments

Concentration of
H2SO4 during CV
Sweep Experiments

MATLAB Frequencies
(Hz)
Replicate 1
Replicate 2
Replicate 3
0.7 M H2SO4 (row 1)
0.289
0.339
0.331
0.8 M H2SO4 (row 2)
0.349
0.318
0.319
0.9 M H2SO4 (row 3)
0.394
0.367
0.385
1.0 M H2SO4 (row 4)
0.450
0.452
0.399
1.1 M H2SO4 (row 5)
0.483
0.464
0.448
1.2 M H2SO4 (row 6)
0.529
0.498
0.476
1.3 M H2SO4 (row 7)
0.539
0.507
0.497
Notes: Three increasing H2SO4 concentration replicated CV experiments that were
performed on Ni. Each experiment was repeated on different days.
Table 2.7 shows averages and relative standard deviations for the MATLAB
magnitude and MATLAB frequency of oscillations for each of the eight sweeps taken
during an experiment. Four replicates were acquired. The results shown are calculated for
a set of four different experimental runs. Data for 2.0 M and 0.7 M H2SO4 is shown. The
average of the MATLAB frequencies calculated from the four replicated CV experiments
in 2.0 M H2SO4 increase from the 1st and 2nd sweep and then decrease during the
remaining 7 sweeps. The averages of MATLAB magnitude that were calculated from
replicated CV sweep experiments in 2.0 M H2SO4 steadily increased during the 1st five
sweeps and fluctuated up and down during the last 3 sweeps. The overall average of the
relative standard deviation for the averaged MATLAB frequencies was ≈3% of the mean
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from sweep to sweep, and the overall average of the relative standard deviation for the
averaged MATLAB magnitudes was ≈15% of the mean from sweep to sweep during
these CV experiments. These percentages indicate that the replicated CV experiments
produced similar frequency and magnitude values from sweep to sweep and the
experiments are reproducible.
The 1st null hypothesis was only accepted for the statistical differences in
MATLAB frequencies found between the first two CV sweeps [two-tailed t-test (at the
95% confidence level, with equal variance) performed on sweep 1 and sweep 2] in 2.0 M
H2SO4. The 2nd null hypothesis was accepted for all MATLAB magnitudes and
MATLAB frequencies that were analyzed in the two tailed t-test that was performed for
the analysis of data results from replicated CV experiments in 2.0 M H2SO4 and the data
results from the replicated reference CV sweep in 0.7 M H2SO4.
The average of the MATLAB frequencies calculated from the four replicated CV
experiments in 0.7 M H2SO4 also increased after the first CV sweep and steadily
decreased during the next four sweeps (bottom of Table 2.7). There was an increase in
the averaged MATLAB frequency during the last sweep of replicated experiments. The
averaged MATLAB magnitude of the replicated CV experiments steadily decreased from
sweep to sweep for the 1st three sweeps. During the last five sweeps, the averaged
MATLAB magnitude fluctuated up and down. The overall average of the relative
standard deviation for the averaged frequencies was ≈8% of the mean from sweep to
sweep. The overall average of the relative standard deviation for the averaged magnitudes
was ≈38% of the mean from sweep to sweep. These percentages indicate that the
replicated CV experiments for frequency produced similar values that are close, but the
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magnitude values are significantly different from sweep to sweep. The 1st null hypothesis
was only accepted for the statistical differences found between the MATLAB magnitude
results collected during the 4th and 5th CV sweeps and the 1st and 8th CV sweep of the
replicated experiments.
In Table 2.8, I present the results of an analysis that examines if the frequencies
and magnitudes at different acid concentrations are statistically distinct. Each row shows
the average and relative standard deviations of MATLAB frequencies and MATLAB
magnitude for a set of replicated experiments for a different acid concentration. An
overall increase from sweep to sweep is seen in the averaged MATLAB frequencies and
MATLAB magnitude of replicated CV experiments where concentration of acid is
increased. The overall average of the relative standard deviation for the averaged
frequencies was ≈7% of the mean from sweep to sweep, and the overall average of the
relative standard deviation for the averaged magnitudes was ≈21% of the mean from
sweep to sweep. These percentages indicate that the replicated CV experiments for
frequency produced similar values that are close, but the magnitude values are
significantly different from sweep to sweep.
As described above, the 1st null hypothesis tests the MATLAB frequencies and
MATLAB magnitudes data results from replicated CV sweeps performed in increasing
H2SO4 concentrations (0.7 M to 1.3 M). The 2nd null hypothesis tested MATLAB
frequencies and MATLAB magnitudes data results from the replicated reference CV
sweeps (i.e. 0.7 M H2SO4) against the data results from replicated CV sweeps performed
in increasing H2SO4 concentrations (0.7 M to 1.3 M). The 1st null hypothesis was
accepted for the analysis of the MATLAB frequency from the replicated CV sweeps
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when comparing 0.9 to 1.0 M H2SO4 and comparing 0.7 M to 1.3 M H2SO4. The 2nd null
hypothesis was accepted for the MATLAB frequency after performing statistical analysis
in which the replicated 2nd sweeps of the continuous CV sweeps performed in 0.7 M
H2SO4 were tested against the replicated CV sweeps performed in 1.0 M, 1.1 M, 1.2 M,
and 1.3 M H2SO4. The 1st null hypothesis was only accepted for the MATLAB magnitude
of the replicated CV sweeps where 0.7 M was compared to 0.8 M H2SO4. The 2nd null
hypothesis was accepted for all statistical analysis performed on the MATLAB
magnitude data results of the replicated reference CV sweeps in 0.7 M H2SO4 that were
tested against the replicated CV sweeps in 0.8 M – 1.3 M H2SO4.
The results from replicated CV experiments that were performed in decreasing
acid concentrations are seen in the bottom of Table 2.8. During these replicated CV
sweep experiments, the averaged MATLAB frequencies do not change significantly from
sweep to sweep until the oscillations are completely terminated. The averaged MATLAB
magnitude decreases during the 1st three CV sweep experiments and then steadily
decrease during the last three (no oscillations produced during the replicated sweeps in
0.3 M H2SO4. In the bottom of Table 2.8, the overall average of the relative standard
deviation for the averaged MATLAB frequencies is ≈2.5% of the mean from sweep to
sweep, and the overall average of the relative standard deviation for the averaged
magnitudes is ≈4% of the mean from sweep to sweep. These small percentages indicate
that MATLAB frequencies and MATLAB magnitudes of replicated CV experiments
consistently produce similar values from sweep to sweep and the experiments are
reproducible.
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As described above, the 1st null hypothesis tests the MATLAB frequencies and
MATLAB magnitudes data results of particular replicated CV sweeps against the next
CV sweep that was performed in decreasing H2SO4 concentrations (0.8 M to 0.5 M). The
2nd null hypothesis tested MATLAB frequencies and MATLAB magnitudes data results
from the replicated reference CV sweeps against the data results from replicated CV
sweeps performed in increasing H2SO4 concentrations (0.8 M to 0.5 M). The 1st null
hypothesis was only accepted for the statistical analysis performed on MATLAB
frequency data results from replicated CV sweeps in 0.8 M and 0.7 M H2SO4 (no
statistical analysis was performed on replicated CV sweeps in 0.4 M and 0.3 M H2SO4
because CV sweeps in both H2SO4 solutions did not produce enough periodic oscillation
to accurately calculate the magnitude). The 2nd null hypothesis was accepted for all
statistical analysis performed on the MATLAB frequency data results of the replicated
reference CV sweeps in 0.7 M H2SO4 that were tested against the replicated CV sweeps
in 0.3 M – 8.0 M H2SO4. The 1st null hypothesis was only accepted for the statistical
analysis performed on MATLAB magnitude data results from replicated CV sweeps in
0.5 M and 0.6 M H2SO4, in 0.5 M and 0.4 M H2SO4, and in 0.5 M and 0.4 M H2SO4.
The 2nd null hypothesis was accepted for all statistical analysis performed on the
MATLAB magnitude data results of the replicated reference CV sweeps in 0.7 M H2SO4
that were tested against the replicated CV sweeps in 0.3 M – 8.0 M H2SO4.
Table 2.9 shows the results of an analysis that examines if the frequencies and
magnitudes are statistically distinct in 0.7 M H2SO4 solution where external forcing with
anodic and cathodic currents was applied during CV experimental runs. Each row shows
a set of replicated experiments where a different amount and type of current was applied
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to a platinum electrode in order to chemically change the local environment at the Ni
electrode during CV experimental runs. The 1st null hypothesis that was previously
described in this section was used to test the MATLAB frequency and MATLAB
magnitude data results from replicated CV experimental runs in 0.7 M H2SO4 to see if
they are statistically different when external forcing occurs as different amounts of anodic
(6 mA – 10 mA) or cathodic (3 mA – 8 mA) current are applied to the Pt electrode (e.g.
the MATLAB frequency data results from CV sweeps in 0.7 M H2SO4 where 6 mA of
anodic current is applied to a Pt electrode is tested against the MATLAB frequency data
results where 7 mA of anodic current is applied to the Pt electrode). The 2nd null
hypothesis that was also previously described in this section was used to test the
MATLAB frequency and MATLAB magnitude data results from the replicated reference
CV sweeps against the replicated CV experimental runs performed in 0.7 M H2SO4
where changes in the local chemical environment occurs as different amounts of anodic
(6 mA – 10 mA) or cathodic (3 mA – 8 mA) current are applied to a Pt electrode.
In the top of Table 2.9, a steady decrease is observed in the averaged MATLAB
frequency of replicated CV sweeps when anodic current is applied to system. The
averaged MATLAB magnitude of replicated CV sweeps where anodic current is applied
decreased immediately after the first sweep and steadily increases during the remaining
sweeps. The overall average of the relative standard deviation for the averaged
frequencies was ≈2% of the mean from sweep to sweep, and the overall average of the
relative standard deviation for the averaged magnitudes was ≈8.5% of the mean from
sweep to sweep. These small percentages indicate that MATLAB frequencies and
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MATLAB magnitudes of replicated CV experiments consistently produce similar values
from sweep to sweep and the experiments are reproducible.
The 1st null hypothesis was accepted after two-tailed t-tests were performed on the
MATLAB frequency data results of replicated CV sweeps where the following grouped
anodic currents were applied to the Pt electrode and tested against each other: 0.0 mA and
6 mA, 7 mA and 8 mA, 8 mA and 9 mA, and 0.0 mA and 10 mA. The 2nd null hypothesis
was accepted after two-tailed test were performed on averaged MATLAB frequency of
replicated reference CV sweeps were tested against CV sweeps where 9 mA and 10 mA
of anodic current was applied to the Pt electrode. The 1st null hypothesis was accepted
after two-tailed test were performed on averaged magnitude of replicated CV sweeps
where the following grouped anodic currents were applied to the Pt electrode and the data
results were tested against each other: 0.0 mA and 6 mA, 7 mA and 8 mA, and 8 mA and
9 mA. The 2nd null hypothesis was accepted after two-tailed test were performed on
averaged MATLAB magnitude of replicated CV sweeps where the following grouped
anodic currents were applied to the Pt electrode and the data results were tested against
each other: 8 mA and 9 mA, 9 mA and 10 mA, and 10 mA & 0.0 mA.
In the bottom of Table 2.9, the averaged MATLAB frequency showed no
significant change from sweep to sweep during the replicated CV sweeps where external
forcing occurs as cathodic current is applied to the Pt electrode. The averaged MATLAB
magnitude steadily decreases during the first 4 sweeps. An increase is seen during the 5th
sweep and a steady decrease in the averaged magnitude of replicated CV is observed
during the remaining sweeps. The overall average of the relative standard deviation for
the averaged frequencies from sweep to sweep was ≈2% of the mean, and the overall
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average of the relative standard deviation for the averaged magnitudes from sweep to
sweep was ≈9% of the mean. These small percentages indicate that MATLAB
frequencies and MATLAB magnitudes of replicated CV experiments consistently
produce similar values from sweep to sweep and the experiments are reproducible.
The 1st null hypothesis was accepted only for statistical differences found in the
frequencies of replicated CV sweeps where 6 mA and 7 mA of cathodic current were
applied to the Pt electrode. The 2nd null hypothesis was accepted only for statistical
differences found in the frequencies of replicated CV sweeps where 7 mA and 8 mA of
cathodic current was applied to the Pt electrode. The 1st null hypothesis was accepted for
all sweeps after the two-tailed t-test (at the 95% confidence level, with equal variance)
were performed on the averaged MATLAB magnitude of replicated CV sweeps where
cathodic current is applied to the Pt electrode.
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Table 2.7

Sweep 1
Sweep 2
Sweep 3
Sweep 4
Sweep 5
Sweep 6
Sweep 7
Sweep 8
Continuous CV Sweeps
in (0.7 M H2SO4)
Smooth Surface
Sweep 1
Sweep 2
Sweep 3
Sweep 4
Sweep 5
Sweep 6
Sweep 7
Sweep 8

Continuous CV Sweeps
(2.0 M H2SO4)

Number of
Replicate
Experiments
4
4
4
4
4
4
4
4
Number of
Replicate
Experiments
4
4
4
4
4
4
4
4

MATLAB
Frequencies
(Hz)
0.667*,*
0.724–,*
0.718–,*
0.716–,*
0.700–,*
0.702–,*
0.695–,*
0.684–,*
MATLAB
Frequencies
(Hz)
0.333
0.368
0.368
0.352
0.309
0.307
0.306
0.314
% RSD of
MATLAB
Frequencies

3.38
3.42
3.88
3.55
1.56
1.30
2.57
2.69

% RSD of
MATLAB
Frequencies
8.89E-04–,*
8.77E-04–,*
9.69E-04–,*
1.07E-03–,*
1.20E-03–,*
1.10E-03–,*
1.22E-03–,*
1.12E-03–,*
MATLAB
Magnitude

MATLAB
Magnitude

% RSD of
MATLAB
Magnitude

8.85
9.76
16.68
20.96
6.80
12.85
19.88
25.28

% RSD of
MATLAB
Magnitude

Averages and relative standard deviations of magnitude and frequency for replicated continuous CV sweeps
experiments

9.93E-05
8.82
63.21
5.85E-05
8.87
72.41
7.70E-05
7.35
50.02
9.92E-05*,–
11.08
40.43
1.54E-04
8.76
6.16
1.73E-04
5.50
31.60
2.13E-04
8.47
19.63
2.32E-04*,–
2.96
21.38
Notes: Data represents the averages and relative standard deviations of MATLAB frequencies and MATLAB magnitude from two different
experiments (continuous CV sweeps in 0.7 M and 2.0 M H2SO4) that were repeated four times each.
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Linear CV Sweeps for
Increasing Concentration

Averages and relative standard deviations of magnitude and frequency from multiple replicated CV sweeps in
increasing and decreasing H2SO4 concentrations

Number
MATLAB
% RSD of
MATLAB
% RSD of
of
Frequencies
MATLAB
Magnitude
MATLAB
Replicates
(Hz)
Frequencies
Magnitude
0.7 M H2SO4
3
0.320
1.07E-04
5.10
14.93
–,*
0.8 M H2SO4
3
0.329
10.83
1.06E-04
43.28
0.9 M H2SO4
3
0.382*,–
11.09
1.77E-04–,*
11.18
1.0 M H2SO4
3
0.434–,*
10.98
2.18E-04–,*
22.86
–,*
–,*
1.1 M H2SO4
3
0.465
3.14
2.79E-04
23.79
1.2 M H2SO4
3
0.501–,*
2.26
4.04E-04–,*
17.28
1.3 M H2SO4
3
0.514*,*
5.67
5.31E-04–,*
22.13
Linear CV Sweeps for
Number
MATLAB
% RSD of
MATLAB
% RSD of
Decreasing Concentrations
of
Frequencies
MATLAB
Magnitude
MATLAB
Replicates
(Hz)
Frequencies
Magnitude
0.8 M H2SO4
3
0.298*,*
2.02
2.75E-04*,*
2.52
–,*
0.7 M H2SO4
3
0.285
1.42
2.76E-04–,*
2.14
–,*
–,*
0.6 M H2SO4
3
0.274
2.39
2.80E-04
2.40
0.5 M H2SO4
3
0.286–,*
4.32
2.43E-04*,*
1.66
0.4 M H2SO4
3
0.000
0.00
4.68E-05*,*
11.11
0.3 M H2SO4
3
0.000
0.00
0.00
0.00
Notes: Data represents the averages and relative standard deviations of MATLAB frequencies and MATLAB magnitude from two different
experiments (consecutive experiments for increasing and decreasing H2SO4 concentrations) that were repeated three times each.

Table 2.8
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Table 2.9

Amount of Applied Anodic
Current during CV Sweeps
(0.7 M H2SO4)
0 mA
6 mA
7 mA
8 mA
9 mA
10 mA
Amount of Applied
Cathodic Current during
CV Sweeps (0.7M H2SO4)
0.0 mA
3.0 mA
3.5 mA
4.0 mA
6.0 mA
7.0 mA
8.0 mA

Number
of
Replicates
3
3
3
3
3
3
Number
of
Replicates
3
3
3
3
3
3
3

0.325
0.331
0.336
0.330
0.333*,–
0.313–,*
0.327

MATLAB
Frequencies
(Hz)
0.361*,–
0.340
0.362*,–
0.324*,–
0.289–,*
0.286*,*
MATLAB
Frequencies

% RSD of
MATLAB
Frequencies
1.62
2.09
4.86
2.78
2.27
0.70
% RSD of
MATLAB
Frequencies
2.56
0.46
3.57
0.46
1.67
2.10
1.87
5.13E-05*,–
3.95E-05*,–
2.77E-05*,–
5.40E-06*,–
3.15E-05*,–
9.93E-06*,–
6.40E-06*,–

1.51E-05*,–
4.05E-05*,–
2.89E-05*,–
1.65E-04–,*
1.80E-04*,*
2.13E-04*,*
MATLAB
Magnitude

MATLAB
Magnitude

% RSD of
MATLAB
Magnitude
2.78
1.81
19.23
13.46
9.17
4.64
% RSD of
MATLAB
Magnitude
3.15
3.85
10.53
11.16
17.46
0.98
18.63

Averages and relative standard deviations of magnitude and frequency from multiple continuous CV increasing and
decreasing H2SO4 concentrations

Notes: 1. Data represents the averages and relative standard deviations of MATLAB frequencies and MATLAB magnitude from
two different experiments (consecutive experiments for external forcing by applying anodic and cathodic current to the system)
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2.6

Discussion
All experiments for the electrochemical study of periodic oscillations produced

during the electrodissolution of Ni in H2SO4 solution were performed by cyclic
voltammetry. The data was analyzed to determine the frequency, magnitude of peaks, and
the start and ending times of oscillations, the total time that the oscillations occurred, and
the first and last oscillation peaks. The first cyclic sweep of every CV experiment
displayed a large active dissolution region before the Flade potential was reached and the
passivation region is produced (for example, see sweep 1 in Figure 2.3) Furthermore,
Hopf and homoclinic bifurcation shifts toward higher potentials and currents in all CV
plots are seen during the initial sweep. The Hopf and homoclinic bifurcations shift in the
system caused a change in amplitude, frequency, and magnitude of the periodic
oscillations over time.
After the initial CV sweep, every successive sweep produced a small active
dissolution region that was about 10 times smaller than the active dissolution region that
was produced during the initial sweep. Because the first sweep was always and
reproducibly different in appearance from the 2nd and subsequent sweeps, data from the
first sweep was not used in any further analysis. Also, for clarity, the reverse sweeps,
which all followed the same trends as the forward sweeps are not shown and only
selected CVs from each of experiment with externally forced changes were overlaid in
the graph plots.
In order to evaluate the stability and the effects that may occur in the Ni/H2SO4
oscillating system over time, two controls (0.7 M and 2.0 M H2SO4 solutions) were used
to perform continuous CV experiments on Ni. Figures 2.2, 2.3, and 2.4 show the behavior
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of the system in the absence of any external forcing. The data illustrate the difference
observed between high and low acid concentrations and the effect of electrode polishing
on the position and amplitude of oscillation. In addition, the 15 kΩ resistor used in the 2
M solution was changed to an 18.5 kΩ resistor when the solution was changed to the
lower acid concentration. Using a smaller resistance in low acid concentration pushed
the potential of oscillation out beyond 3 V.
In Table 2.1, a comparison of the results show a significant difference for data
collected from continuous CV sweeps that were performed on a smooth Ni surface in 2
M H2SO4 solution, a rough Ni surface in 0.7 M H2SO4 solution, and a smooth Ni surface
in 0.7 M H2SO4 solution respectfully. The CV sweeps that were performed in 2 M H2SO4
produced four to five times more oscillations, and the magnitude was four to five times
larger than the oscillations produced on a smooth or rough Ni surface in 0.7 M H2SO4 .
The oscillations also lasted twice as long and the calculated frequencies and MATLAB
frequencies were also two to three times larger for the CV sweeps that were performed in
2 M H2SO4. Although there was a significant difference in the results, CV sweeps at both
acid concentrations showed a large active dissolution region on the first sweep and
similar changes in the bifurcation oscillations with subsequent sweeps (The bifurcation
shifts and large activation region were also seen in 0.4 M- 0.6 M H2SO4). It must be
noted that the strength of the H2SO4 solution does affect the range of the bifurcation shifts
and the size of the active dissolution regions.
All of the results in section 2.4.1 indicate that the roughness and smoothness of
the Ni electrode surface play a major role in the formation, size, and location (shifts in
current and potential) of periodic oscillations. Nickel electrodes with smoother surfaces
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initially produce oscillations that are significantly smaller (2 times smaller) than the
oscillations produced by a Ni electrode with a rough surface. Interestingly, the Ni
electrode with the smooth surface is also cable of not producing oscillations during the
first few sweeps if the surface is polished very smooth (results not shown). The Hopf and
Homoclinic bifurcations that are produced with a smoother surface Ni electrode during
the first CV sweep form and terminate at lower potentials than the Ni electrode with a
rough surface. The second CV sweep of the Ni/H2SO4 system is cable of producing even
smaller oscillations as a result of the shift of the onset and termination points of the Hopf
and Homoclinic bifurcations points. However, the shifts to higher potentials and current
during continuous CV sweeps cannot be stopped completely, and oscillations will shift
over time (typically a significant shift is seen during the four or higher CV sweep). As a
result of these observations, with the exception of the continuous CV sweeps, the data
was only collected and analyzed during the 2nd and 3rd CV sweep and only Ni electrode
with a smooth surface were used. Size difference of the oscillations for any two initial
sweeps was probably due to the polishing quality.
After running continuous CV experiments to determine the effects the system had
on the periodic oscillations, CV sweeps on Ni/ H2SO4 oscillating systems were performed
by increasing (Figure 2.7) and decreasing (Figure 2.8) H2SO4 concentrations. The results
(graphs and tables) of these experiments were used as references for a comparison with
the results from external forcing through anodic and cathodic current during CV sweeps.
The CV sweep results for external forcing with anodic current (Figure 2.9 and
Table 2.4) and increasing H2SO4 concentration (Figure 2.7 and Table 2.5) are compared
first. Table 2.4 shows the results that were collected from the CV sweeps that were
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analyzed for the effects of external forcing with anodic currents (6 mA to 10 mA) on Ni/
H2SO4 oscillating systems. In Table 2.4, an overall decrease in the MATLAB frequencies
and calculated frequencies is seen as the anodic external forcing current is increased from
6 mA to 10 mA. The goal of these CV experiments was to increase the proton
concentration at the Ni electrode surface so that an increase in frequency could be
achieved; however, as the proton concentration is increased, the oxygen concentration
can also increase. A steady increase in oxygen formation which is achievable by using an
external forcing technique with a relatively high current passing through a platinum
electrode and by increasing the applied potential at the Ni working electrode about 1.6 V
occurrs (see Figure 1.6). This could produce a saturated oxygen concentration at the
working electrode surface and hinder the increase in proton concentration. This may have
been the reason why an increase in frequency trend may not be seen in the Table 2.4.
On the other hand, as the amount of anodic current was increased, trend towards
increasing magnitude was seen during the consecutive CV experiments (Table 2.4). The
magnitude when 10 mA of anodic current is applied is slightly higher than the magnitude
from the CV sweep experiment for 0.8 M H2SO4 concentration in Table 2.5. In Figure
2.9a, the periodic oscillations that form during the CV sweep experiments where 10 mA
of anodic current is applied occur around the same potential and current location as the
periodic oscillations seen in Figure 2.7a during the CV sweep in 0.8 M H2SO4. An
increase in the amplitude of the oscillations is seen in Figures 2.9b and 2.7 b for both
types of consecutive CV sweep experiments. Although the results for the MATLAB
frequency don’t show a steady increase in frequency, these results further validate that
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the proton concentration at the Ni electrode surface can be altered by using external
forcing techniques with anodic current.
Next, the CV sweep results for external forcing with cathodic current (Figure 2.10
and Table 2.5) and decreasing H2SO4 concentration (Figure 2.8 and Table 2.3) are
compared. In Table 2.5 and Table 2.7, the results for the MATLAB frequencies,
calculated frequencies, the potential at which the first oscillation peak occurs, and the
potential at which the last oscillation peak occurs fluctuate between consecutive CV
sweeps (fluctuations between consecutive sweeps lasted as long as the oscillations exist).
As a result, no consistent trends are observed. The reason for not seeing consistent trends
could be due to the limited amount of peaks produced as the concentration was
decreased. On the other hand, it is interesting to see that both systems show similar
behaviors in regards to no overall significant change in frequency from sweep to sweep
being seen while a significant number of oscillations are produced (frequency
calculations in 0.4 M (or less) which produce five or less oscillations are not reliable and
consistent).
The results in Table 2.5 also show a consistent decrease in the MATLAB
magnitude as consecutive CV sweeps are performed. A consistent decreasing trend is not
seen in the CV results in Table 2.7; however, an overall decrease is observed for the
MATLAB magnitude. In Figure 2.11b, the results of the detrended data from consecutive
CV sweeps shows a decrease in the amplitude of the periodic oscillations as the cathodic
current increased in the Ni/H2SO4 oscillating system. The same decrease in amplitude is
shown in Figure 2.8b as the H2SO4 concentration is decreased during consecutive CV
sweeps. It is important to note that a Hopf bifurcation point of the stable-steady state for
94

the Ni/ H2SO4 system (0.3 M H2SO4) was not reached due to the concentration being too
low to produce a shift from the stable steady state of the system to an oscillatory state in
which periodic oscillations can possibly be produced (oscillations are not produced below
0.3 M H2SO4). Overall, the data and graphs indicate that the periodic oscillations
produced during the CV experiments in this section were changed by external forcing
with cathodic current.
For simplicity and space consideration, often only one replicate result is shown
and tabulated in this chapter. However, it is important to note that every experiment in
this chapter was performed three or four times with at least two different 500 µm diam Ni
electrodes (Data only shown for one of the two electrodes). After comparing particular
sweeps of replicate CV experimental data results (for example, comparing the MATLAB
frequencies calculated from sweep 2 for three replicated CV experiments), all of the data
results that were collected within each type of CV experiment (continuous CV sweeps,
added acid, added base, or external forcing) with only the exception of eight continuous
CV sweeps that were performed in 2 M H2SO4 failed the t-test for being statistically
different by having probabilities higher than 5%. All the data results (except for CV
sweeps in 0.7 M H2SO4) that were collected within each type of CV experiment did show
statistical differences when the data results were compared to the standard.
The data results that were collected during the 2nd sweep of eight continuous CV
sweeps that were performed on a Ni wire electrode (smooth surface) in 0.7 M H2SO4
were used as the standard reference. These results were used as the reference because
overall there was no statistical difference found between the rows or columns of the eight
continuous CV experiments when comparing the data of all the replicated CV
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experiments. Another reason is because all of the data collected from every consecutive
CV sweep (three continuous sweeps performed in a specific concentration experiment or
external forcing current experiment) was actually taken from the 3nd CV sweep
performed during each experiment. As a result, the 2nd sweep of the eight continuous CV
sweeps performed on the Ni wire electrode (smooth surface) in 0.7 M H2SO4 can be used
as a reference for the analysis of every consecutive sweep performed. It is also important
to note that the 3rd CV sweep was not used because during the 3rd CV sweep the
oscillations shift to higher bifurcations and small fluctuations in the size of the
oscillations are observed. The fluctuation depends on the smoothness of the electrode.
The 2nd CV sweep typically produces oscillations of similar size.
Any statistical differences that was seen in the averages and relative standard
deviations of MATLAB frequencies and MATLAB magnitude is shown in Tables 2.62.10 by symbols describe in a previous section. As previously stated statistical
differences that were found in the analyzed frequency and magnitude data after
performing two-tailed t-test (at the 95% confidence level, with equal variance) are
indicated by asterisks. After performing numerous statistical analysis, the overall results
indicated that the data results presented in this chapter are statistically valid.
2.7

Conclusions
It has been shown that periodic oscillations can be controlled by external forcing

with cathodic and anodic currents in low concentration solutions. When applying anodic
current, the data results indicate that the concentration change around the surface can
change by as high as 0.13 M. In addition, periodic oscillations can be terminated when
using high cathodic currents in low concentration H2SO4 solutions.
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The surface plays a major role in the formation of periodic oscillations during the
electrodissolution of Ni in H2SO4 solutions. When the electrode surface is well polished
the Ni/ H2SO4 system is capable of not producing ocillations initially. The oscillations
will occur after enough corrosion pits have formed on the electrode surface to make it
rough. A well polished surface will cause the oscillations to shift to lower currents and
potentials. Another side affect is smaller initial oscillations. A surface that is not well
polished will pit faster than a surface that is well polished with no pits. The pit formation
will cause the periodic oscillations to continuously shift to higher currents and potentials
over time. The shifts cannot be completely stopped; however, the initiation of the shifts
can be prolonged for two or more CV sweeps depending on how well the surface is
polished.
Continuous CV sweeps helped to eliminate the idea of the system spontaneously
causing the results presented in this thesis to occur. The optimal experimental time to
perform CV experiments before the system has a major effect on the formation of
periodic oscillations was also determined.
The electrodes in the electrochemical cell must be set up in the same position
every time. Changes in location will affect the periodic formation of oscillations and
skew the results. A larger external forcing electrode was able to increase the proton
concentrations when applying anodic current and opposite results occurred when
applying cathodic current. As a result, I was able to alter the magnitudes and frequencies
of the oscillations produced during the CV sweep experiments in this thesis. Statistical
analysis of data results provide supporting evidence for the magnitude and frequency
changes. However, it is important to note that the results from CV sweeps where anodic
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current was applied to the Pt electrode did not show an increasing trend of frequency as
expected and more experimental runs are needed in order to figure out why this occurred.
A greater knowledge about these systems has been obtained via intense
electrochemical studies and surface analysis. This knowledge obtained here can be used
to expand this project to different metal materials that are capable of forming periodic
oscillations so a better understanding of those systems can be acquired as well. More
details about this and other future work will be presented in the final chapter.
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FABRICATION OF Cu CMAS
3.1

Introduction
In Chapter I, I highlighted the relevance of the CMAS impact in many fields

which include the reasons of particular interest, the uses in corrosion studies, and the
general functions of the CMAS.1-2 Recent interest in copper and corrosion prevention3-6
makes the Cu CMAS presented in this thesis an ideal tool for electrochemical studies.
Furthermore, the copper coupled microelectrode array sensor (Cu CMAS) also has the
ability to serve as a versatile substrate for construction of other metal array electrodes. A
CMAS can be modified by the electrodeposition of Ni or another metal. Making a Cu
CMAS and electrodepositing Ni onto the Cu CMAS has several benefits over using pure
nickel to make a CMAS. These benefits include the high purity of Cu, a lower cost of Cu
CMAS production, better insulation material, and good adhesion of thin film.7 A Ni
coated coupled microelectrode array sensor (Ni CMAS) should produce similar results
when compared to pure nickel. As a result of those benefits, the CMAS presented in this
work are all made out of Cu.
The hypothesis guiding the work in this chapter was to see if Ni could be
uniformly electrodeposited on the Cu CMAS surface and to see if periodic oscillations
could be produced with the Ni CMAS that are similar to the periodic oscillations
produced with a pure Ni electrode of the same size during CV experiments that are
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performed on the Ni CMAS/H2SO4 system. In order to prove this hypothesis, the Cu
CMAS was modified via electrodeposition and electrochemical studies of nickel
electrodissolution in H2SO4 were performed. If the hypothesis were proven to be true,
then the experiments and techniques present in Chapter II can be expanded to the Ni
CMAS/H2SO4 system in the future.
This chapter summarizes the construction and electrochemical procedures used to
produce a 100 electrode Cu CMAS. The construction section gives a detailed and
systematic process for making novel copper coupled microelectrode array sensors. This
chapter also includes an electrodeposition section that describes how the Cu CMAS was
modified by electrodepositing Ni and other metals on the CMAS surface (only the Ni
electrodeposition procedures discussed in detail). The last section in this chapter includes
the potentiodynamic and current vs time experiments that were performed in order to
demonstrate that the Cu CMAS was functioning properly. (Note: A total of four 10 × 10
and four 5 × 4 Cu CMAS were made. Ni was electrodeposited on each CMAS, and used
in each type of experiment with the same parameters. All of the arrays were consistent
with the same characteristics and traits of the oscillations in comparison to each
experiment so for convenience only instructions for making a 10 × 10 CMAS and
experiments done on one CMAS will be discussed in this thesis.)
3.2

Materials
Chemicals used include: nickel (II) sulfate (NiSO4) (99.1%, Fisher), boric acid

(H3BO3) (99.6%, ACROS), silver nitrate (AgNO3) (99.9%, Sargent Welch), and
potassium sulfate (K2SO4) (99.0%, Sigma Aldrich). 1 in PVC Sch 40 Adapters (Female),
and 1 in PVC Sch 40 Adapters (Male) were purchased locally. 3M type 3365/34 flat
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cable was used for electrode connections. 30 AWG copper magnet wire MW0221 (0.01
in) was purchased from TEMCo (Fremont, CA). Urethane liquid resin (Smooth-Cast 320)
was purchased from Smooth-On (Macungie, PA). The 68 pin connector Amplimite type
50SR was purchased from Tyco Electronics. Other chemicals that are used were
mentioned in Chapter II.
3.3
3.3.1

Construction of Cu Arrays
Electrodes used to fabricate Array
A CMAS is a great tool for performing electrochemical studies, but it is not easy

to fabricate. One of the main problems of making a close-packed CMAS is the lack of
proper insulation to prevent the wires from touching. To overcome this issue, the
electrodes for the Cu CMAS were made from magnet wire. Magnet wire is copper wire
that is insulated with a polyester base coat and a polyamide-imide over coat. This
combination of insulation provides moisture resistance, physical toughness, excellent
dielectric properties, and superior chemical resistance to common solvents. The magnet
wires also have an insulation temperature rating of 200 ºC. This temperature rating makes
the magnet wire suitable to be put in the oven during the curing process that was used in
this chapter.
3.3.2

Construction of Jig
A jig for constructing the array was made from 8 in segments of a (2 × 4) board

(Figure 3.1). One segment was centered and nailed vertically to a second segment that
was laid flat (horizontal). Glass slides were covered with polyethylene (from a Zip-Lock
bag) and taped on both sides of the vertical board with double sided tape about 3 in from
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the bottom. 3-3/4 in sinker nails were lined up and nailed (3/4 in deep) in the flat board
exactly 3 in from the vertically centered board.

Figure 3.1

Homemade jig and finished 10 electrode piece

Note: (a) Schematic for the homemade jig for making rows of electrodes. Cu magnet wire
was tied on one of the nails and the wires were wrapped around the jig 10 times. The
polyester plastic sheets were used to push the wires close together on the glass slide. The
alligator clamps were used to tighten the wires. (b) Finished ten electrode piece
3.3.3

Making rows of electrodes for the Array Sensor
The array sensors were produced by first making closely spaced sets of 10 Cu

wires with the jig (Figure 3.1a). The jig was able to produce four pieces of 10 rows
(Figure 3.1 b) at one time by tying 0.01 in magnet wire about 1 in from the bottom of the
3 in nail that was attached to the jig and wrapping the wire 10 times around the nails in a
clockwise motion. Polyester plastic sheets (1 × 3 × 0.0075 in) cut into rectangles the size
of glass slides were used to align the wires. (Note: The wires are aligned on the glass
slides that are wrapped in polyethylene plastic and taped to the vertical board (1 × 3 × 1
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in) with double sided tape. The polyethylene plastic was used because the EPON 828
epoxy resin and TETA hardener mixture is easily removed from the surfaces covered
with it.) The wires were tightened with clamps on the ends. EPON 828 Epoxy and TETA
hardener mixture was brushed on with a size 1 (less than 2/32 in) paint brush. (Note: The
EPON 828 epoxy resin and TETA hardener mixture (≈ 60 µm thickness) was pushed to
the back side of the wires by finger and the polyester plastic sheets were used to push the
wires together.) Due to melting issues with the polyester plastic sheets and polyethylene,
the heat gun was held 8 in away from the wires while heating the EPON 828 epoxy resin
and TETA hardener mixture for 2 min. The wires were cured at room temperature for
four hours. A 2nd coat of the EPON 828 epoxy resin and TETA hardener mixture was
applied. The heating and curing process was repeated. Four pieces of the resulting row of
10 electrodes were produced by cutting the assembly in the center and ends.
3.3.4

Stacking microelectrode array rows
The schematic layout in Figure 3.2 illustrates the procedure used to stack 10

pieces of 10 electrodes. Polyethylene plastic was used to cover the surface so that the
arrays would be easily removed from the surface after the curing process. Clamps were
used to hold the glass slides and plastic down. A thin coat of EPON 828 epoxy resin and
TETA hardener mixture was applied with a paint brush on each row before the next row
was stacked. Three sets of three glass slides (taped together with double sided tape) were
used to hold the stack in place while the wires were heated for two min with a heat gun.
(Note: (a) The polyethylene plastic on the stand melts easily so the heat gun was not held
close to the surface of the set up. (b) The rows of wires tend to rise if they are not held
down long enough after using the heat gun so they were held down for 15 min by hand or
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a small, lightweight object was placed over the slides to hold them in place. (c) Light
pressure was applied when the wires were held down.) Electrodes were cured for six
hours at room temperature in order to make sure that the stacked 10 pieces (100
electrodes) stuck together.

.
Figure 3.2

Schematic for stacking the 10 rows of 10 Cu electrodes.

Notes: Polyethylene (from a Zip-Lock bag) was placed under the setup. Clamps were
used to hold the polyethylene down.
3.3.5

Removing wire coatings and making array tips
Insulation from 1 to 2.5 cm at the ends of the magnet wire was removed by

burning with a butane lighter. The ashes were removed by using 220 A/O B grade
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sandpaper. The electrode tip was placed inside of a rubber septa (I.D. 7.9 mm × O.D 14
mm). (Note: The stacked portion of the wires was centered vertically in reference with
the rubber septa and held upside down in place with alligator clamps.) The rubber septa
was filled with EPON 828 epoxy resin and TETA hardener mixture, and the electrode tip
was cured in an oven for 8 h at 30 ºC and 6 h at 150 ºC to cure.
3.3.6

Soldering wires and putting CMAS together
The 100 wires of the electrode assembly were soldered to a homebuilt circuit

board adapter (Figure 3.3). (Note: The circuit board follows a certain pattern. Grid one in
the center of the circuit board is connected to row one on the electrode array (10 × 10).
This trend is continued with grids 0 – 9. In each grid, the starting point is the hole with
the white brackets around it. Each wire is soldered consecutively by going up the left
column, switching columns (move to the column to the right) and soldering going down
the column. The 10th wire should always be soldered to the right of the first wire in the
grid. Ten board to board connectors were soldered to the circuit in grids x0 – x9. The
connection between the soldered wires and the soldered board to board connectors was
checked with a multimeter.
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Figure 3.3

The microelectrode array adapter for the electrical connections of the
electrodes and board to board

Note: The microelectrode array adapter was designed in house by David Wipf.
A 1 in fitting (male adaptor) was attached around the centered electrode on the
circuit board with a hot glue gun (Figure 3.4b). The excess wires in grids 0-9 at the
bottom of the circuit board were cut short and electrical tape was placed over those grids
(Figure 3.4a). The adapter was filled with 320 Smooth Cast resin (Figure 3.4c). The
surface of the electrode was initially polished with 1200/4000 grit SiC sandpaper
A 1 in female PVC adaptor is screwed onto the male adaptor to produce the
electrochemical cell. Two carbon rods (used as auxiliary electrodes) were placed parallel
and 3-mm apart by setting them in holes drilled through a 1in female PVC adapter and
epoxying them in position. The adaptor was cured overnight at 30 ºC and placed in the
oven to cure at 150 ºC for 6 h. After curing, 30 ga copper wire was wrapped around both
carbon rods and clamped in place with metal alligator clamps (Figure 3.4d). The wire was
used as a connection point for the auxiliary electrode cable line. Next, the 1 in female
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adapter was screwed onto the 1in male adapter in order to complete the CMAS
fabrication (Figure 3.4e).

Figure 3.4

Images of the finished coupled microelectrode array sensor
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Figure 3.4 (continued)
Notes: (a) Bottom of the finished electrode assembly. (b) Side view showing attachment
of the PVC adapter to the circuit board with hot-melt glue (c) Top of the assembly
showing the 320 Smooth Cast resin in the 1 in male adaptor, the smooth polished array
surface, and 1 in female adaptor (d) Top view of array assembly with two carbon rods
attached to 1 in adaptor (female). A copper wire is wrapped around carbon rods (e)
Finished Cu CMAS
3.4
3.4.1

Electrochemical Studies on Cu CMAS and Ni coated CMAS
Electrodeposition of Ni on Cu CMAS
The apparatus setup for Ni electrodeposition experiments is shown in Figure 3.5.

All the experiments were carried out in a conventional three electrode electrochemical
cell. Figure 3.5 shows the schematic of the apparatus include a Cu CMAS working
electrode and two nickel (1 in × 6 in) plates which are the auxiliary and reference
electrodes. The Cu CMAS was polished with 400, 800, and 1200 grit SiC sandpaper,
rinsed with distilled water for 40 s, and dried before each use. All electrodepositions
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where performed immediately after cleaning to prevent the formation of a copper oxide
film on the Cu CMAS surface. Ni was electrodeposited on the Cu CMAS at a current
density of 6.00 × 10-2 A/cm2 to prevent cracking and black spots from forming on the
surface of the CMAS as Ni substrate were electrodeposited. The plating bath for the
experiments was nickel sulfate (2.22 × 10-2 g/L) buffered by boric acid (3.00 × 10-3 g/L).
(The pH does not have to be exactly the same during each electrodeposition, but it should
be between 2.4 and 4 at all times. All solutions were heated between 38 –70 ºC).
For the electrodeposition process, the electrodes were connected to the a BAS
PWR-3 power module (Bioanalytical Systems, Inc., model BASi PWR-3); all
electrodeposition experiments were held at a constant potential of 2.97 V with a 1 kΩ
resistor attached in series with the Cu CMAS working electrode and Power Module.
Nickel was electrodeposited on each array for 17 min to produce a 20 µm thick coating.
The current density value that was used for this electrodeposition process was based on
the 95.5% cathodic efficiency of the Ni electrode (reference and counter electrodes).
After the electrodeposition, each Ni CMAS was covered with aluminum foil and air dried
for 8 h or more.
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Figure 3.5

Ni electrodeposition on the Cu CMAS setup

Note: A 10 × 10 Cu CMAS (WE), and two nickel rods (counter and reference) were used
for all of the electrodeposition experiments performed. The Cu CMAS was connected to
a 1 kΩ resistor in series. A BAS PWR-3 power module was used as a current source.
3.4.2

Apparatus Setup for Potentiodynamic Experiments
The apparatus setup for CV experiments on Ni in 0.7 M H2SO4 is shown in Figure

3.6. A 100 kΩ resister was soldered in series with each electrode in the array. The
resulting 100, 100 kΩ resistors are all in parallel, giving an effective resistance of 1 kΩ
overall. Board to board connectors were soldered onto the circuit boards. The resistors
were connected to the Cu CMAS after Ni was electrodeposited on to the CMAS.
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Figure 3.6

Potentiodynamic experimental setup for the Ni CMAS in H2SO4

Notes: A 10 × 10 Ni CMAS (WE), Ag/AgCl (Ref), and two carbon rods (Aux) are used
for all of the experiments performed with the MMA. One hundred, 100 kΩ resistors are
all in parallel, giving an effective resistance of 1 kΩ overall. Actual carbon rods are
attached to the cell (see Figure 3.4d).
3.4.3

Experimental Procedure for Potentiodynamic Scans
Four 10 × 10 and four 5 × 4 Cu CMAS were created using the process above. The

verification experiments show that each Cu CMAS was working properly was performed
on the Multichannel Microelectrode Analyzer or MMA (Model 900B, Scribner
Associates Inc.). Customized cables were made by David Wipf to connect the Cu CMAS
to the MMA (Figure 3.7). Photomicrographs were taken with an optical microscope
(Model BH-2, Olympus Corp., Lake Success, NY).

113

After successfully constructing the Cu CMAS, the CMAS surface was polished
by using a horizontal grinding wheel and 240, 400, 800, and 1200 grit SiC sandpaper.
Next, the CMAS was fine polished with 15.0, 5.00, 3.00, 1.00, and 0.05 μm alumina
slurries successively on different polishing cloths. Distilled water was used as a lubricant
to wash away the removed material. Ultrasonic cleaning was employed to clean the
electrode surface. Each experiment was performed under room temperature conditions.
The testing solution was 0.1 M K2SO4. Experiments were immediately performed after
polishing in order to prevent copper oxide (CuxOy) from forming on the CMAS surface.
A potentiodynamic scan was performed on each CMAS. The potential was swept from
-0.6 V vs MSE (mercury sulfate electrode) to -0.3 V and back with a scan rate of 10
mV/s. The auxiliary electrode was carbon rods. The CMAS electrode surface was
polished before and after each electrochemical experiment. All potentiodynamic
experiments were performed at room temperature. After the CMAS cell was set up and
potentiodynamic experiments were performed in 0.1 M K2SO4, all data was plotted using
MATLAB R2015a software. The procedures used for analyzing data in MATLAB
R2015a were described in the previous chapter.
The second experiment was performed by first electrodepositing Ni onto the Cu
CMAS surface and then performing electrochemical studies for the electrodissolution of
Ni in 0.7 M H2SO4 experiments by applying a constant potential of 1.9 V to the Ni
CMAS. All experiments performed on the Ni CMAS were done at room temperature.
The procedures for the Ni electrodeposition process are described earlier in this chapter.
All of the data was also analyzed in MATLAB.
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3.4.4

Potentiodynamic Instrumentation and Software
Experimental potentiodynamic sweeps for determining if arrays were working

was carried out using a Multichannel Microelectrode Analyzer or MMA (Model 900B,
Scribner Associates Inc.) with MMA 1.60-RCI Software version
3.4.5

Results and Discussion
In this section, I demonstrate that the Cu CMAS electrodes, constructed as

described above, work well, and I show how the MMA potentiostat works to control the
potential and measure currents at each electrode element. Photomicrographs were also
taken for two different purposes. The first purpose was to display the physical attributes
of the corrosion process that occurs at the electrodes of the Cu CMAS and to correlate
those attributes to the results collected during the electrochemical studies. The second
purpose was to display the quality of the nickel on the CMAS after the electrodeposition
process was performed.
As previously stated, after successfully constructing the eight Cu CMAS,
potentiodynamic scans were performed on each CMAS. With the exception of a few
electrodes not working on some of the CMAS, all of the CMAS produced similar
experimental results. Because the experiments were performed numerous times and
produced the same results each time only one data plot for each experiment will be used
for the verification purposes
In Figure 3.7, photomicrographs that display different magnifications of a Cu
CMAS with 90 out of a 100 electrodes working and functioning properly are shown. The
photomicrographs were taken before potentiodynamic sweeps (Figure 3.7a) and after 10
potentiodynamic sweeps (Figures 3.7b, 3.7c, and 3.7d) that were performed in 0.1 M
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K2SO4. The scan rate was 10 mV/s. Figure 3.7a shows the shiny Cu CMAS electrodes
before the potentiodynamic experiments. In Figure 3.7b, 3.7c, and 3.7d, corroded, noncorroded, partially corroded, and/or low-current electrodes are seen.
The corroded electrodes on the Cu CMAS are the fully functional electrodes that
are working properly. Non-corroding electrodes are the electrodes that are not working at
all. The reason that the non-corroding electrodes exist is most likely a result of a
disconnection between the copper wire and microelectrode array adapter during the
fabrication process. Partially corroded electrodes are electrodes that may be fully
functional and working properly, but copper oxide may have covered part of the surface
and prevented the electrode from completely corroding. On the other hand, they could be
partially corroded because of bad soldering connections also. Low current electrodes are
the electrodes that have very small amounts of current flowing through them but the
current is not strong enough to oxidize or reduce the electrode. Low current electrodes
are definitely a result of poor soldering connection.
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Figure 3.7

Photomicrographs of Cu CMAS before and after potentiodynamic scans in
0.1 M K2SO4

Note: (a) Cu array electrodes before the potentiodynamic experiments (b)-(d)
Photomicrographs (different magnifications of same electrode) showing corroded, noncorroded and low current electrodes after 10 potentiodynamic scans. The
potentiodynamic scan was applied from -0.6 V to -0.3 V and back. The scan rate was 10
mV/s. A 10 × 10 Ni CMAS (WE), Ag/AgCl (Ref), and two carbon rod (Counter) was
used during the potentiodynamic scans.
Figure 3.8 shows potentiodynamic scans that were performed on a Cu CMAS in
0.1 M K2SO4 solution. (Note: This is not the same Cu CMAS that was used in the first
potentiodynamic scans and used to take the photomicrographs. Only the results for 10 of
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100 working electrodes on the CMAS are displayed for clarity. The electrodes were
randomly selected.) A complete potentiodynamic scan includes an oxidation peak and
reduction peak (The oxidation peak is produced first during the experiments in this
chapter). The large oxidation peaks seen in Figure 3.8 are created during the oxidation
reaction as a result of the dissolution of Cu to form Cu2+ ions. The small reduction peaks
form as a result of the reverse reaction (reduction). During the reduction reaction, copper
oxide is formed. It is important to mention that the oxidation and reduction peaks in
Figure 3.8 get smaller as more potentiodynamic scans are performed. This trend may be a
result of a smaller diffusion layer with a passivated copper surface (slower rates) and low
concentration of supporting electrolyte.
The results seen in Figure 3.8 give a good representation for the many electrodes
on the CMAS. However, when all of the results (100 total) are displayed for the CMAS,
it is not easy to see all of the electrodes at one time. The MMA is a useful instrument
because it has the ability to display the same results several different ways. The first way
is to present results in the time domain which is illustrated in Figure 3.8. The second way
is by showing the current data values (actual numbers) for all 100 electrodes as the
potentiodynamic scans occurs (current data values are not shown). The last way is to
present the same results in spatial domain. This is achieved by presenting the results in
MMA data maps (current). MMA data maps are capable of showing the relative amount,
the location, and the direction of the current flowing through each individual electrode
and/or all of the electrodes as a whole group on the CMAS during oxidation and
reduction reactions as they occur in real-time experiments.
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Figure 3.9 shows the MMA current data maps for the reduction (Figure 3.9a) and
the oxidation (Figure 3.9b) reactions that correspond to the first potentiodynamic scan in
Figure 3.8. The MMA current data maps for the reduction indicates that all the electrodes
(100 total) are working. The location of each electrode is label by row then column [for
example, in Figure 3.9a, the location of the highest current would be labeled (5,2)]. The
blue color on the maps indicates that reduction is occurring to the electrodes in the
system. The dark blue blocks represent the electrodes that were reduced the most and
have the most current passing through them. If all of the electrodes on the CMAS were
displayed in Figure 3.8, then the dark blue blocks would corresponds to the lowest
reduction peaks that would be seen during the first potentiodynamic scan. The dark blue
would also correspond physically to a corroded electrode seen in Figure 3.7c (the
corrosion is not caused by reduction reaction).The light blue squares in Figure 3.9a have
low current flowing through them, and they would physically correspond to a partially or
completely corroded electrodes seen in Figure 3.7b. A white square with no color change
throughout an experiment typically indicates a non-working electrode. However, in
Figure 3.9a, the white looking square is actually a low current electrode. The color of the
square in the MMA data map doesn’t change, but the current does slightly change during
the potentiodynamic scan for that electrode and the data values validates that change (not
shown). The results from a white square in the MMA data map would not be seen during
a potentiodynamic scan and would physically correspond to a non-corroded electrode
seen in Figure 3.7b.
The MMA data map in Figure 3.9b shows the opposite reaction, the oxidation
reaction that also corresponds to Figure 3.8 (first potentiodynamic scan). The current data
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map also indicates that all the electrodes are working. The red color on the maps indicates
that oxidation is occurring to the electrodes in the system. The dark red blocks represent
the electrodes that were reduced the most and have the most current passing through
them. If all of the electrodes on the CMAS were displayed in Figure 3.8, then the dark red
blocks would corresponds to the highest oxidation peaks that would be seen during the
first potentiodynamic scan. The dark red would also correspond physically to a corroded
electrode seen in Figure 3.7c. The light pink squares in Figure 3.9a have low current
flowing through them, and they would physically correspond to a partially or completely
corroded electrodes seen in Figure 3.7b. The white square has the same meaning and acts
the same way as it did during the reduction reactions.
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Figure 3.8

Potentiodynamic scan on Cu CMAS in 0.1 M K2SO4 solution

Notes: A 10 × 10 Ni CMAS (WE), Ag/AgCl (Ref), and two carbon rods (Counter) are
used for all of the experiments performed with the MMA. Each electrode on the CMAS
was connected in series with 100 kΩ resistors. All the resistors are in parallel in order to
produce a resistance equivalent to 1 kΩ. The potentiodynamic scan was applied from
–0.6 V to –0.3 V and back. The scan rate was 10 mV/s.
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Figure 3.9

MMA data maps (current) for the potentiodynamic scan of Cu in 0.1 M
K2SO4

Note: The data map of current distribution (spatial domain) corresponds to the
potentiodynamic scan (time domain) seen in Figure 3.8. (a) reduction (b) oxidation The
potentiodynamic scan was applied from –0.6 V to –0.3 V and back to –0.6 V. The scan
rate was 10 mV/s.
The process for fabricating a CMAS is not easy. This is mainly due to several
issues that must be addressed in order to produce good, high quality electrodes. These
issues include a limited selection of the right size wire, in specified purity (> 99.5%), at a
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reasonable price, a good corrosion resistant metal, and a lack of good insulation material
on those wires to choose. Ni is one of the few metals that addresses most of the issues. Ni
has great corrosion resistance, and it is available in different sizes and in high purity.
However, most wires that are made of high purity Ni are expensive. Furthermore, the cost
of high purity Ni wires with good insulation is even higher. For example, it would take
over $66 worth of high purity Ni wire (no insulation) to make one fully functional CMAS
with 100 working electrodes.
An alternate option for fabricating CMAS made of Ni is to use a metal that has
high purity and good adhesive properties to Ni. By using this metal, Ni can be
electrodeposited onto the metal. It turns out that copper is a metal that meets the criteria
needed. Interestingly, copper is also available in high purity at a cheap price with good
insulation, and it is good at resisting corrosion. When it comes to comparing prices, the
high purity copper wire (copper magnet wire) used to fabricate the CMAS in this chapter
cost about $ 0.25 to make a fully functional CMAS with 100 working electrodes. With
this in mind, fabricating CMAS electrodes with copper should be an easy choice.
Nevertheless, some metals such as iron and lead are available in high purity for a
cheap prices; however, due to some of their physical and chemical properties (e.g.
softness of pure metal and being easily oxidized), a CMAS would be very difficult to
fabricate from these metals. CMAS electrodes that are fabricated from Cu provide a base
structure that is capable of producing other metals through electrodeposition processes.
Figures 3.10a and 3.10b show photomicrographs of a Ni coated CMAS that were taken
after the successful electrodeposition of Ni onto a Cu CMAS. Roughly 20 µm of Ni was
electrodeposited onto the CMAS surface. The electrodeposition process is described in a
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previous section. Other metals including lead, iron, silver, and bismuth have also been
successfully electrodeposited onto the Cu CMAS (results not shown).
After electrodepositing Ni onto the Cu CMAS surface and letting the Ni CMAS
dry overnight, current vs time experiments were performed to see if the periodic
oscillations could be produced during Ni electrodissolution in 0.7 M H2SO4 solution. The
experimental setup and procedures are described in previous sections. Figure 3.11 shows
an overlaid plot of the current vs time results for 4 out of 100 working electrodes on a Ni
CMAS. For clarity, only the data from four of the electrodes are shown. The results show
that oscillations can be successfully produced on a Ni CMAS. The four periodic
oscillations had different onset and terminations times. The amount of potential passing
through each individual electrode, the location of the reference and auxiliary electrode,
and the overall size of the electrode could be the cause of this. The results also indicate
that Cu and Ni have good adhesion properties. This is validated by the fact that pure
copper does not produce periodic oscillations in sulfuric acid (results not shown). That
means that the Ni CMAS had similar traits of a pure Ni electrode.
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Figure 3.10

Photomicrographs of Ni coated CMAS

Note: Photomicrographs of Ni coated CMAS after the electrodeposition process was
complete (a)-(b). The plating bath contained nickel sulfate (2.22 × 10-2 g/L) that was
buffered with boric acid (3.00 × 10-3 g/L). A constant potential of 2.97 V was applied for
17 min with a BAS PWR-3 power module (≈20 µm of Ni deposited). The solution was
heated to 39 ºC. Two Ni rods were used as reference and auxiliary electrodes.
In Table 3.1, the calculated results from current vs time plots for the Ni
dissolution in 0.7 M H2SO4 experiment is shown. Only the results for 20 out of 100
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working electrodes are shown. The electrodes were chosen randomly. The results show
that the electrodes oscillate at slightly different frequencies. When comparing these
results with the results collected in chapter two, the MATLAB frequencies for the Ni
CMAS is lower than all MATLAB frequencies results with the exception of MATLAB
frequencies results for CV sweeps when performing consecutive CV sweeps on Ni in
decreasing H2SO4 concentration and the results of continuous CV sweeps being
performed on Ni in 2.0 M H2SO4. These results could be due to the fact that different
resistors were used during the CV experiments. The results for the MATLAB magnitude
from the current vs time plots are relatively close to all of the results from the MATLAB
magnitudes in Chapter II.
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Figure 3.11

Current vs time graph of 4 out of 100 working electrodes on a Ni CMAS in
0.7 M H2SO4

Note: Only 4 out of 100 working electrodes are shown. A 100 kΩ resistor was attached to
each electrode in series. Ni was electrodeposited onto the surface of the Cu CMAS. A
constant potential of 1.9 V was applied to the Ni CMAS during the sweeps.
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Table 3.1

The calculated results from Current vs Time plots for the Ni dissolution in
0.7 M H2SO4 experiment that was performed on a Ni CMAS

Location of Electrode
MATLAB Magnitude
MATLAB frequencies (Hz)
(Row, Column)
(1, 4)
3.51 × 10-4
0.284
-4
(1, 6)
2.47 × 10
0.278
(2, 2)
2.10 × 10-4
0.278
-4
(2, 3)
2.38 × 10
0.272
-4
(2, 5)
3.30 × 10
0.284
(3, 8)
1.58 × 10-4
0.266
-4
(4, 7)
3.08 × 10
0.278
(4, 9)
1.14 × 10-4
0.266
-4
(5, 3)
2.99 × 10
0.278
(5, 8)
3.04 × 10-4
0.278
-4
(6, 6)
2.09 × 10
0.272
-4
(7, 4)
2.57 × 10
0.290
(7, 9)
1.56 × 10-4
0.254
-4
(8, 1)
1.83 × 10
0.254
(8, 6)
1.84 × 10-4
0.266
-4
(9, 1)
1.84 × 10
0.266
-4
(9, 10)
1.81 × 10
0.254
(10, 1)
1.83 × 10-4
0.254
-4
(10, 5)
3.05 × 10
0.272
(10, 10)
1.81 × 10-4
0.254
Note: Only the results for 20 out of 100 working electrodes is shown. Electrode were
randomly chosen.
3.5

Conclusions
After creating several CMAS and running experiments on the MMA by doing a

potentiodynamic scan of all electrode groups on the 10 × 10 Cu arrays presented, the
MMA data charts (current vs time) that were presented indicated that the arrays were
functioning like the traditional single wire electrodes during the redox reactions.
The MMA data charts show the redox reaction for potentiodynamic scans on Cu
in 0.1 M K2SO4. Over time a steady decline in the size of the oxidation and reduction
peaks occur on every CMAS that is tested in 0.1 M K2SO4. The cause of this decline may
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be the passivation of copper to copper oxide on the array’s surface which may hinder the
reaction rate.
Optical photomicrographs verified the corrosion and non-corrosion conditions
that can occur on the electrodes of the CMAS during potentiodynamic experiments
(Figure 3.10). The bad connections on the non-working electrode may be a result of poor
soldering while making the CMAS. The MMA data maps (current) indicate that all of the
electrodes worked on the CMAS (different CMAS than the one previously described),
but one electrode had low current flowing through it. The low current may have been
caused by poor soldering or a shortages in the circuits on the microelectrode array
adapter.
Cu CMAS provide a unique pathway for the creation many different types of
metal CMAS electrodes. The Ni electrodeposition result shown in this chapter is only one
of several metals that has already been electrodeposited onto Cu CMAS surface. The
good adhesive properties between Ni and Cu were validated during the current vs time
experiments that were performed on the Ni CMAS in 0.7 M H2SO4. During the
electrochemical experiments, periodic oscillations were successfully produced during the
experiments. The MATLAB results suggested that the Ni CMAS produced oscillations
with overall slower frequencies than the Ni single wire electrodes used in chapter II. This
may be a result of overall electrode size and auxiliary electrode and reference electrode
location. However, the MATLAB calculated magnitudes for the Ni CMAS were
relatively close to the MATLAB magnitudes for the Ni single wire electrodes in chapter
II.
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CONCLUSIONS AND FUTURE WORK
4.1

Summary of work
Periodic oscillations were successfully controlled by changing the concentration

of H2SO4 solution at the Ni electrode surface via external forcing. The H+ concentration at
the Ni surface was increased by more than 0.1 M at the Ni surface when using the highest
anodic current for the external forcing. Periodic oscillations can be terminated when
using the highest cathodic current to externally force the solution to concentrations lower
than 0.7 M. The smoothness of the surface plays a major role in the development of
periodic oscillations. The optimal conditions and practices for running CV with any type
of external forcing include: incorporating the external forcing part of the experiment after
the passivation region has become active again, having a smooth working electrode
surface, using a peristaltic pump or some kind of flow system for sufficient solution flow
(increase convection of the system), and performing data collecting experiments during
the second or third cyclic sweep.
Four 10 × 10 and four 5 × 4 electrodes arrays were successfully made using the
techniques described in this paper. The homemade jig offers the possibility of making
arrays with different shapes; however, the stacking technique will change depending on
the shape. Each electrode array can be made in less than 1 day. Experiments on the MMA
verified that the CMAS were working properly. Future work will be to determine the
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reason why the reduction and oxidation decreases with time on the MMA data charts
(current vs time) and to make arrays where all the electrodes are working.
4.2

Future work
In the previous chapter, it is was briefly mentioned about copper being a good

metal for electrodeposition processes. That idea was put to work with some preliminary
electrodepositions that were done on the Cu CMAS. Nickel, lead, iron, silver, and
bismuth were all successfully electroplated on the copper CMAS. That data will be
presented in a future work.
There is still more work need to be done to gain a better understanding of
Ni/H2SO4 oscillatory systems. A CMAS is a good instrument for learning more
information about the systems because the 100 electrodes on the sensor functions in the
same manner as a single electrode would. A CMAS can be further used to understand
how oscillation propagate spatially across the electrode surface as a function of localized
forcing by using the CMAS as a working electrode and applying an open circuit potential
while simultaneously using a platinum electrode to apply external forcing in a particular
region of the CMAS. These facts open up the door to a whole range of possible
experiments that can be performed. The preliminary work performed on the CMAS will
be extended to repeat the work presented in chapter II in this thesis. The ideas and
principals behind work done here will also be extend to other metals. Furthermore,
copper is also known to produce periodic oscillations in certain acidic media, so that will
be a future project as well.
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EXPERIMENTAL SETUP
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A.1

Electrochemical Experimental Apparatus and Setup for Ni Single Wires

Figure A.1

Complete experimental setup for Ni electrochemical experiments

134

Figure A.2

Images of equipment for complete Ni experimental setup

Notes: (a) The Ni electrode (WE), Pt electrode (WE for external source), Ag/AgCl
electrode (CE), two carbon rods (CE for Pt electrode and Aux for Ni electrode), and
electrochemical cell used in experiments. (b) Complete cell setup: Five total electrodes,
inlet and outlet hoses for peristaltic pump, and electrochemical cell.
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A.2

Ni CMAS Experimental Apparatus and Setup

Figure A.3

Complete experimental setup for Ni CMAS electrochemical experiments
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Figure A.4

Connecters and resistors connected to the CMAS during experiments

Figure A.5

Top view of CMAS experimental cell

Notes: The two carbon rods (CE) were connected with alligator clamps.
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Figure A.6

Complete experimental cell setup for Cu CMAS electrochemical
experiments
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